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ABSTRACT 
 Polysaccharides, one of three types of natural polymer, are used by living 
organisms for energy storage, structural support, and other vital applications.  In 
particular, acidic polysaccharides such as alginic acid and hyaluronan play important 
roles in lubrication and water storage.  Isolation of polysaccharides is complicated by the 
difficulty of purification and lack of batch-to-batch consistency.  Polysaccharide 
synthesis has also proved challenging due to their stereochemical complexity and high 
density of functional groups with similar reactivity.  One solution is the synthesis of 
mimics that possess many of the properties of natural polysaccharides, including a rigid 
pyranose or furanose backbone and numerous hydroxyl or carboxylic acid groups.  
Synthesized polysaccharide mimics include polymers with ether linkages not seen in 
nature, non-ether linked sugar monomers, and polymers created from non-carbohydrate 
sources.  These mimics have been used in various applications, including biolubrication, 
membrane synthesis, and DNA delivery. 
 v 
 As a first approach to a polysaccharide mimic, a polymer with a rigid cyclic 
backbone and several pendant water-soluble functional groups was sought.  High 
molecular weight ester-functionalized norbornene polymers were synthesized by ring-
opening metathesis polymerization of 5-norbornene-2-ethyl ester.  The resulting 
polymers were saponified and hydroxylated along the polymer backbone without a 
reduction in chain length.  The chemical, thermal, and mechanical properties of the 
various polymers were measured, indicating high thermal stability and strong solid-like 
character.  Even in their saponified and hydroxylated form, the polymers possessed very 
limited water solubility. 
 Poly-amido-saccharides, a new type of carbohydrate polymer mimetic, were 
synthesized by the controlled anionic ring opening polymerization of a beta-lactam 
glucose monomer.  The primary alcohol was oxidized to investigate the effects of an 
ionizable carboxylic acid group, such as those found in natural polysaccharides 
containing glucuronic acid.  Circular dichroism revealed an ordered helical secondary 
structure in solution that was lost following ring opening.  The oxidized poly-amido-
saccharides were shown to stabilize lysozyme towards freezing and dehydration stresses 
better than currently used methods.  Glycopolymers containing the poly-amido-
saccharides on a poly(acrylamide) backbone were also synthesized and characterized as a 
model for more complex systems. 
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CHAPTER 1: Chemical Synthesis of Polysaccharides and Polysaccharide Mimics 
 
1.1 Introduction 
Polysaccharides represent one of three classes of natural polymers, along with 
proteins and DNA, and play many important roles in the biology of living systems 
including energy storage, structural support, and lubrication1.  Polysaccharides isolated 
from natural sources have been used for decades in a number of applications2, such as 
drug delivery3, wound healing4, and tissue scaffolding5.  However, isolated 
polysaccharides suffer from several problems including contamination issues following 
purification and a lack of batch-to-batch consistency6.  Synthetic polysaccharides, on the 
other hand, can be prepared with specific molecular weights and dispersities, can be 
modified at the monomer level, and can provide a route to new structures not seen in 
nature. 
 The synthesis of both natural and non-natural polysaccharides has been a goal of 
chemists for decades and several reviews on the topic have been published7-10.  These 
reviews focus on the synthesis of natural polysaccharides, particularly by ring-opening 
polymerization.  This review will detail recent advances in this field, as well as the 
synthesis of polysaccharide-like polymers with non-ether linkages.  Enzymatic and 
chemoenzymatic polysaccharide synthesis11-12 will not be covered, nor will this review 
cover glycopolymers or  glycodendrimers13, both of which have been recently reviewed.  
Finally, this review will only consider polysaccharides with degrees of polymerization 
  
2 
higher than ten, and will not examine step-wise approaches14, although that method has 
recently been used to synthesize up to a 30mer polysaccharide15. 
 Research into carbohydrate mimics has increased in recent years due to their use 
in drug design16-17.  These mimics typically possess many of the features of natural 
saccharides, including a rigid pyranose or furanose ring and numerous pendant hydroxyl 
groups, while also having unique features specific to their intended application.  The 
polymerization of carbohydrate mimics has allowed for better access to novel 
polysaccharide-like structures. 
 
1.2 Structural Characteristics of Polysaccharides 
Polysaccharides have proved difficult targets for synthetic chemists due to their 
stereochemical complexity and a high-density of functional groups with similar 
reactivities.  Even a small change in structure can have a huge effect on solubility and 
function.  The glycosidic linkage formed in the polymerization can be either alpha or 
beta, and it can connect to any other hydroxyl group on the adjacent sugar monomer 
(Figure 1.1). 
 
 
Figure 1.1: Polysaccharide structure. 
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When considering polysaccharide mimics, the important structural features to 
consider are a polymer backbone containing rigid ring structures with a heteroatom and a 
large number of polar and charged functional groups.  Polymers formed from open-
chained saccharide monomers are beyond the scope of this review. 
This review will be split into three sections; the synthesis of ether-linked 
polysaccharides, non-ether linked polysaccharides, and polysaccharide mimics derived 
from non-carbohydrate sources.  While the synthesis of ether-linked polysaccharides has 
been the most heavily studied to date, the synthesis of polysaccharide mimics is a rapidly 
growing field. 
 
1.3 Ether-linked Polysaccharides 
All natural polysaccharides are ether-linked, but not all ether-linked 
polysaccharides have been found in nature.  Three primary methods have been used to 
synthesize ether-linked polysaccharides: polycondensation, ring-opening polymerization, 
and cyclopolymerization.   
 
1.3.1 Polycondensation 
The earliest reported polysaccharide syntheses were polycondensations of sugar 
monomers derived from the hydrolysis of naturally occurring polysaccharides.  
Condensation polymerization is a facile method to synthesize a fairly wide range of 
highly branched polysaccharides.  The first polycondensations that afforded polymers 
rather than short oligomers occurred in the 1950’s.  The polycondensation of D-glucose 
  
4 
was reported by Pacsu and Mora in 195018.  In this synthesis, a concentrated solution of 
D-glucose with 5% hydrochloric acid was rapidly evaporated at elevated temperature and 
reduced pressure to yield a highly branched polymer, linked primarily 1! 4 and 1! 6, 
with degrees of polymerization around 40 (Scheme 1.1).  Their process was applicable to 
a large range of simple mono- and disaccharides, including D-mannose, D-fructose, L-
arabinose, maltose, and cellobiose, though only the polymerization of D-glucose was 
reported.  In 1956, Bishop polymerized D-xylose, which possesses no primary alcohol, 
using a similar method to Pacsu and Mora19.  With the 1!6 linkage no longer being 
possible, he found the remaining potential linkages in a ratio of 1!4:1!2:1!3 as 
6.5:3:1, reflecting the relative reactivities of the secondary alcohols. 
 
 In 1958, Mora and Wood performed the first melt polymerization of D-glucose, 
catalyzed by phosphoric acid20.  They again recovered branched polymers linked 
primarily 1!6, but observed fewer degradation side products.  They also proposed a 
mechanism for the polymerization, involving the mutarotation, hydrolysis, and reversion 
of glucose.  Following a rate-limiting conversion to the open chain aldehyde 
intermediate, the short-lived C1 carbocation can react with any of the hydroxyl groups of 
Scheme 1.1: General polycondensation of D-glucose. 
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another glucose monomer.  Elimination of water completes the reaction.  This mechanism 
highlights the necessity of high monomer concentrations for the polycondensation 
reaction to proceed. 
Polycondensation lost favor as a method for the synthesis of polysaccharides as 
ring-opening polymerization developed.  In the early 2000’s, however, condensation 
made a come-back in the synthesis of hyperbranched polysaccharides.  In 2005, Suzuki21 
reported the solid-state polycondensation of several mono- and di-saccharides (all 
hexoses), both α and β, with all glycosidic linkages forming.  The method is very green, 
catalyzed by 5 mol% phosphoric acid at 110oC under N2 flow.  The molecular weight and 
conversions varied greatly depending on the monomer used, and α-anomers polymerized 
much slower than their β counterparts, though they eventually reached similar molecular 
weights (Table 1.1).  The mechanism involves the activation of an anomeric hydroxyl 
group by phosphoric acid, followed by intramolecular addition of a hydroxyl group to 
form a 1,6-anhydride terminal unit or intermolecular addition to form the polymer chain.  
The 1,6-anhydride terminal unit participates in further polymerization after activation by 
an acid catalyst.  
  
6 
 
The next year22, the group reported a similar method to extend the polymerization 
to natural aldopentoses and 6-deoxy-aldohexoses (α-D-Xyl, β-D-Ara, α-L-Rha, and α-L-
Fuc), creating highly branched polymers with both furanose and pyranose units.  The 
polymerization proceeds to 47-81% conversion, with MW from 2700 to 12000.  The 
mechanism is similar to that reported for the hexoses, but the lack of a 6-OH group 
affords the formation of a 1,4-anhydride terminal unit, leading to the furanose repeating 
unit that is observed in the polymer (Scheme 1.2). 
Table 1.1: Polymerization of natural saccharides in the presence of H3PO4 (5mol%) 
under N2 flow. 
Saccharide Time (hrs) Conv. (%) Mw Mn 
α-Glc 5 34 6700 3100 
β-Glc 5 65 4700 2600 
α-Gal 24 11 19000 3100 
β-Gal 24 61 12000 3400 
α-Mal 24 0 --- --- 
β-Mal 24 78 1400 1200 
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In 200723, the same group published a report on the powder-to-powder 
polycondensation of sugar fluorides (FGlc, FXyl, FGlcNAc, FMal, and FCel) to form 
highly-branched water-soluble polymers with MW from 1,400 to 20,000 g/mol.  The 
reaction proceeds at 100-160oC under vacuum without a catalyst, due to the higher 
reactivity of the glycosyl fluoride.  In fact, the addition of a Lewis-acid catalyst, 
Yb(OTf)3, decreases the conversion of the reaction.  The mechanism proceeds similarly 
to that of the unmodified saccharide through a 1,6-anhydride terminal unit and produces 
polymers of very similar structure. 
With the use of protecting groups, polycondensation can be used to synthesize 
linear polysaccharides as well as branched species.  In 2006, Zsuga and Herczegh 
reported a Ferrier-type polycondensation reaction of 3,6-di-O-acetyl-D-glucal to yield a 
polymer with unique 2,3-unsaturated hexopyranose repeating units24.  Catalyzed by 
ZnCl2, the reaction produced oligomers with degrees of polymerization of 30.  Lewis-
Scheme 1.2: Reaction mechanism of the solid-state polycondensation leading to a 
furanose repeating unit. 
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acid promoted elimination of the acetate anion creates a delocalized glycosylium cation, 
which can be attacked by the C4-OH group of another monomer (Scheme 1.3).  
Following deacylation, the synthesized polymers were reported to be semi-competitive 
inhibitors of the human salivary amylase enzyme, which was expected as the polymers 
were 2,3-dideoxy-2,3-didehydrostarch and –glycogene derivatives. 
 
Stereospecific polycondensations are also possible with the use of appropriate 
neighboring groups to influence the glycosylation reaction.  In 200925, Kawada 
synthesized a novel two-faced β-1,4-glucan by the polycondensation of a disaccharide 
unit, trichloroacetimidoyl 2-azido-3,6-di-O-benzyl-2-deoxy-beta-D-glucopyranosyl-
(1!4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-D-glucopyranoside (Scheme 1.4).  The 
Scheme 1.3: Ferrier-type polycondensation mechanism. 
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disaccharide unit was prepared with different functional groups on the obverse and 
reverse faces, allowing them to be distinguished.  The phthalimido donor adjacent to the 
trichloroacetimidoyl group allows for a stereospecific polycondensation, yielding only 
the β anomer.  Though the reaction of this chitosan derivative is stereospecific, it has a 
very low degree of polymerization (DP=4.5) and a large dispersity, illustrating one of the 
major disadvantages of polycondensation-type polymerizations. 
 
 
1.3.2 Ring-Opening Polymerization 
Ring-opening polymerization of anhydro sugars is the most widely used method 
for the synthesis of polysaccharides since it was first reported by Schuerch in 196626.  
Scheme 1.4: Two-faced disaccharide synthesis and polymerization. 
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Anhydro sugar derivatives are typically formed by the dehydration of two hydroxyl 
groups on the monomer, and the polymerization is initiated by Lewis acids, strong 
electrophiles, or strong bases in dry conditions under vacuum.  The reactions often afford 
stereoregular polymers with very high molecular weights, up to 500,000 g/mol.  Ring-
opening polymerization can be used to synthesize both linear and branched 
polysaccharides. 
 
1.3.2.1 Linear Polysaccharides 
By using appropriate protecting groups on non-reacting hydroxyls and 
synthesizing specific anhydro sugar derivatives, linear polysaccharides for many different 
linkages can be obtained.  Much of this work prior to 2002 is reviewed by Linhardt, et. 
al10.  1!2 and 1!3 linkages can be achieved with the use of 1,2 and 1,3 anhydro sugars, 
respectively, though the 1!3 polysaccharides formed are a mix of α and β 
configurations27.  The polymerization of 1,4 anhydro sugar derivatives is complicated by 
the existence of two different ring-cleavage pathways.  1,4-scission yields the (1!4)-
pyranoside, while 1,5-scission gives the (1!5)-furanoside polymer28 (Scheme 1.5).  
Finally, the synthesis of 1!6 linked polysaccharides is the most successful for the 
creation of stereoregular, high molecular weight polymers.  The α-1!6-linked 
polysaccharide is easily achieved, via an SN2-like mechanism through the oxonium ion26.  
For the synthesis of β-1!6-linked polysaccharides, there is a need for either neighboring 
group participation in the nucleophilic reaction or steric hinderence on the monomer to 
direct the polymerization29. 
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More recent work has focused on stricter control of ring-opening polymerizations 
of anhydro sugars, in terms of dispersity, molecular weight, and endgroup installation.  In 
2002, Patten30 reported the polymerization of 1,6-anhydro-3,4-di-O-benzyl-2-deoxy-β-D-
glucose using 1-chloroethyl isobutyl ether as an initiator and ZnI2 as the activator, to yield 
a primarily α, 1!6 linked polymer with an isobutyl chain end.  The polymerization was 
controlled, with molecular weights between 8,600 and 9,600 g/mol and dispersities less 
than 1.25.  The isobutyl end group arises from nucleophilic attack of the monomer on the 
methylene unit of the isobutyl group in the initiating cation with loss of the acetaldehyde 
(Scheme 1.6). 
Scheme 1.5: Ring scission of 1,4-anhydro sugar derivatives. 
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Researchers have also focused on the synthesis of amino-glycans, as many natural 
polysaccharides contain amino groups. Amino-glycans such as chitosan possess both 
antibacterial32 and antitumor33 activities, which leads to their utility in biomedical 
research.  The polymerization of 1,6-anhydro-hexamines has been notoriously difficult to 
achieve with high degrees of polymerization through cationic ring-opening 
polymerization31.  As the amino group is not suitable for cationic polymerizations, 
phthalimido or azido groups have been used as precursors, but synthesizing high 
molecular weight polymers still remains challenging.  In 2012, Hattori achieved the 
synthesis of a 2-amino-glycan, poly-(1!6)-α-D-mannosamine, by the polymerization of 
1,6-anhydro-2-benzylamino-mannose34 (Scheme 1.7).  Hattori reported that the 
polymerization of mannosamine is more robust than that of glucosamine due to the steric 
hinderance of the axial amino group in glucosamine against chain elongation.  In 
Scheme 1.6: Initiation mechanism leading to an isobutyl end group. 
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addition, polymerization of 1,6-anhydro-2-azido mannose gave only oligomers due to a 
nonlocalized electron pair from the azido group attacking C1 at the propogating chain 
end, leading to a less reactive 1,2,3-triazole cation (Table 1.2).  
 
A second strategy for the synthesis of polyaminosaccharides is oxazoline 
glycosylation.  Kadokawa and coworkers35-36 reported the polymerization of two 
Scheme 1.7: Synthesis of 2-acetamido-3,6-di-O-benzyl-2-deoxy-(1!4)-β-D-
glucopyranan (top) and 2-acetamido-3,4-di-O-benzyl-2-deoxy-(1!6)-β-D-
glucopyranan (bottom). 
 
Table 1.2: Polymerization of 1,6-anhydro-2-azido-mannose and 1,6-anhydro-2-(N,N-
dibenzylamino)-mannose. 
Monomer PF5 
(mol%) 
Temp 
(oC) 
Time (h) Yield 
(%) 
Mn 
(x103) 
MW/Mn 
Azido 5 -60 16 10 1.5 2.2 
Azido 10 -60 72 9 3.5 2.4 
Dibenzylamino 5 -60 4 29 28.7 2.1 
Dibenzylamino 10 -60 8 35 22.9 2.0 
Dibenzylamino 10 0 8 0 -- -- 
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oxazoline monomers, 2-methyl-(3,6-di-O-benzyl-1,2-dideoxy-alpha-D-glucopyrano)-
[2,1-d]-2-oxazoline and 2-methyl-(3,4-di-O-benzyl-1,2-dideoxy-alpha-D-glucopyrano)-
[2,1-d]-2-oxazoline, with an acid catalyst to a chitin-type β-(1!4) aminopolysaccharide 
and a non-natural β-(1!6) aminopolysaccharide, respectively (Scheme 1.7).  The chitin-
type aminopolysaccharide was achieved with a molecular weight of 4,900 g/mol, while 
the non-natural aminopolysaccharide could be synthesized to a much higher molecular 
weight of 13,100 g/mol. 
 
1.3.2.2 Branched and Hyperbranched Polysaccharides 
Ring-opening polymerization of anhydro sugars can also be used to synthesize 
comb-shaped polysaccharides of high molecular weight with well-defined structures by 
using a monomer with a bicyclic acetal skeleton37.  More recent work has focused on the 
synthesis of hyperbranched polymers, materials that can often take advantage of the 
hypervalency often associated with polysaccharides.  Though natural branched 
polysaccharides such as lentinan, schizophyllan, and pestalotan exist, their availability is 
scarce38.  Reactions to create hyperbranched polysaccharides proceed in a similar manner 
to those of linear polymers, but a certain number of hydroxyl groups are left unprotected 
to act as ABx-type monomers. 
Beginning in 200339, Kakuchi and coworkers polymerized a series of unprotected 
1,6-anhydro-hexapyranose AB4-type monomers via ring-opening multibranching 
polymerization to create hyperbranched polysaccharides with both α and β linkages 
(Scheme 1.8).  Specifically, they polymerized 1,6-anhydro-beta-D-mannopyranose, -
  
15 
glucopyranose40, and –galactopyranose41 in propylene carbonate with 2-
butenyltetramethylenesulfonium hexafluoroantimonate as a thermal catalyst (Table 1.3).  
In all cases, the resulting polymers were found to be highly spherical with near ideal 
degrees of branching, where the degree of branching (DB) is defined as DB = (Br + 
Ter)/(Br + Li + Ter), where Br is the number of branching units, Ter is the number of 
terminal units, and Li is the number of linear units.  
 
Scheme 1.8: Multibranching ring-opening polymerization of 1,6-anhydro-β-D-
glucopyranose and 1,6-anydro-β-D-galactopyranose. 
 
Table 1.3: Multibranching ring-opening polymerization of 1,6-anydro-hexapyranoses. 
Monomer MW,scattering (g/mol) Degree of 
Branching 
Hydroxyl 
Reactivity Order 
1,6-anhydro-β-D-
mannopyranose 
6.5x103 – 6.4x105 0.38 – 0.44 C6>>C2>C4>C3 
1,6-anhydro-β-D-
glucopyranose 
70.6x103 0.38 C6>>C2=C4>C3 
1,6-anhydro-β-D-
galactopyranose 
26.9x103 0.44 - 0.60 C6>>C3>C2>C4 
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The hexafuranoses can also be polymerized in a similar manner.  In 2010, the 
same group reported the ring-opening polymerization of 5,6-anhydro-1,2-O-
isopropylidene-α-D-glucofuranose as a latent cyclic AB2-type monomer42 (Scheme 1.9).  
The resulting hyperbranched polymer had a molecular weight of 1.2x105 g/mol and a 
compact spherical conformation in solution.  Following hydrolysis of the acetal 
protecting groups, the polymer bears numerous reducing D-glucose units on the 
periphery, showing higher reducing ability than D-glucose due to the glycocluster effect. 
 
The oxazoline ring-opening strategy can also be employed to synthesize 
hyperbranched aminopolysaccharides.  Kadokawa and coworkers43-44 polymerized an 
AB2-type oxazoline glucose monomer using a 10-camphorsulfonic acid (CSA) initiator to 
create a branched aminopolysaccharide with a molecular weight of 4.5x105 g/mol as 
measured by light scattering and a near ideal degree of branching of 0.51 (Scheme 1.10).  
After switching from a tosyl to benzyl protecting group at C645, the resulting polymer 
was deprotected to reveal the aminopolysaccharide. 
Scheme 1.9: Polymerization of 5,6-anhydro-1,2-O-isopropylidene-α-D-glucofuranose 
and synthesis of hyperbranched 5,6-glucan. 
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1.3.3 Cyclopolymerization 
Another method for the synthesis of ether-linked furanose or pyranose ring 
polysaccharides is the cyclopolymerization of dianhydro sugar derivatives.  The 
polysaccharides formed in this reaction are distinct from those formed by the ring-
opening polymerization of anhydrosugar derivatives in that they possess a non-anomeric 
linkage as a result of the polymerization mechanism41,46.  The dianhydro sugar 
derivatives possess two epoxy groups, one of which opens in an intramolecular 
cyclization, followed by a second epoxide opening leading to polymerization.   
The first reports of this method involved the polymerization of 1,2:5,6-dianhydro-
D-mannitol derivatives to linear poly[(1!6)-2,5-anhydro-D-glucitol] derivatives49.  The 
reaction is catalyzed by both anionic and cationic initiators, and the presence of a crown 
ether, 18-crown-6, improves the polymerization control and efficiency, with molecular 
weights of around 10k g/mol and dispersities around 1.2.  L-iditol (the enantiomer of D-
mannitol) derivatives also polymerized, though the linkage switched from 1!6 to 
6!148,50 (Scheme 1.11). 
Scheme 1.10: Acid-catalyzed polymerization of sugar oxazoline monomers. 
 
  
18 
 
Unlike D-mannitol and L-iditol derivatives, 1,2:5,6-dianhydro-D-glucitol 
derivatives do not have the same symmetry elements, leading to nonequivalent epoxy 
groups.  This monomer did, however, polymerize50, though the resulting polymer 
contained two cyclic repeating units, 2,5-anhydro-D-mannitol and –L-iditol, with the –L-
iditol repeat unit being slightly favored. 
The meso hexitols, 1,2:5,6-dianhydro-allitol and –galactitol, can also be 
polymerized51, though the mechanism of epoxide opening is slightly different, leading to 
polymers with a different repeat structure than that seen above, including 5, 6, and 7-
membered rings.  The allitol derivatives polymerize to a polysaccharide with primarily 5-
membered 2,5-anhydro-DL-altritol as the repeat unit, while the glucitol derivatives 
polymerize to mostly 6-membered 1,5-anhydro-DL-galactitol repeat units.  Molecular 
weights up to 4000 g/mol were achieved, with dispersities around 1.4 and near perfect 
degrees of cyclization. 
Cyclopolymerization of dianhydro-pentitol derivatives is also possible.  The 
polymerization of 1,2:4,5-dianhydro-xylitol leads to a polymer consisting of 2!5-linked 
1,4-anhydro-DL-arabinitol repeat units52 (Table 1.4). 
Scheme 1.11: 1,2:5,6-dianhydro-D-mannitol cyclopolymerization mechanism. 
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Hyperbranched polysaccharides were also synthesized via cyclopolymerization of 
a dianhydro-sugar derivative.  In 2003, Kakuchi and coworkers synthesized a 
Table 1.4: Cyclopolymerization summary. 
Monomer Structure Mn 
(g/mol) 
DP Mechanism Product Reference 
1,2:5,6-
dianhydro-
D-
mannitol 
 
12900 74.1 β, α 
scission 
(1!6)-
2,5-
anhydro-
D-
glucitol 
Satoh 
1996 
Kakuchi 
1996 
Umeda 
1998 
1,2:5,6-
dianhydro-
L-iditol 
 
6100 35.1 β, α 
scission 
(6!1)-
2,5-
anhydro-
D-
glucitol 
Kakuchi 
1995 
Satoh 
1996 
1,2:5,6-
dianhydro-
D-glucitol 
 
5510 32.0 β, α 
scission 
2,5-
anhydro-
D-
mannitol 
and L-
iditol 
Satoh 
1996 
1,2:5,6-
dianhydro-
allitol 
 
2300 13.2 β, α 
scission 
2,5-
anhydro-
DL-
altritol 
Kamada 
1999 
1,2:5,6-
dianhydro-
galactitol 
 
1050 6.0 Primarily 
β, β 
scission 
1,5-
anhydro-
DL-
galactitol 
Kamada 
1999 
1,2:4,5-
dianhydro-
xylitol 
 
2340 18.0 α, α 
scission 
1,4-
anhydro-
DL-
arabinitol 
Satoh 
1999 
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hyperbranched 2,5-anhydro-D-glucitol by proton-transfer cyclopolymerization of 1,2:5,6-
dianhydro-D-mannitol using an anionic catalyst55 (Scheme 1.12).  Though the monomer 
is a diepoxy diol, one of the epoxy groups is consumed during intramolecular cyclization, 
leaving an AB3-type monomer that polymerizes to a glucitol polysaccharide with a 
molecular weight of 2x106 g/mol and a degree of branching around 0.45. 
 
 
1.4 Polysaccharides with Non-Ether Linkages 
While many groups have focused on the synthesis of natural and non-natural 
ether-linked polysaccharides, others have been interested in the synthesis of polymers 
from sugar-based monomers with non-ether linkages.  Sugar monomers have been used 
to synthesize a wide variety of polymers, including polyesters56, poly(ester amide)s57, 
polyurethanes and polyureas58, and polycarbonates59.  These polymers possess no true 
sugar character, and the sugar monomer has simply been used as a low cost and 
renewable chemical feedstock.  This review will instead focus on polymers that possess 
some of the features of natural polysaccharides, including a rigid, cyclic backbone and 
numerous water-soluble functional groups. 
 
Scheme 1.12: Hyperbranched polysaccharides from cyclopolymerization. 
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1.4.1 Polycondensation 
Much as is the case with ether-linked polysaccharides, polycondensation was the 
first technique used to synthesize non-ether-linked sugar polymers.  The polymers created 
by this method are either homopolymers or, more commonly, alternating copolymers. 
The earliest example of this type of polymer was a poly(ester amide) synthesized 
by the direct polycondensation of  D-glucosamine with dicarboxylic acid chlorides60 
(Scheme 1.13).  These half-natural, half-synthetic polymers took advantage of the higher 
reactivity of the primary hydroxyl group to react without protecting the hydroxyl groups 
of D-glucosamine.  Though this system was not well characterized and the molecular 
weight was likely quite low, the polymers had better solubility properties than their 
closest natural analogue, chitin. 
 
The same group also created a polyester derived from D-cellobiose and 
dicarboxylic acid chlorides61.  By using a disaccharide as the monomer, they took 
advantage of the higher reactivity of the two primary alcohol groups to create a linear 
polymer, again without the use of protecting groups (Scheme 1.14).  The molecular 
weights were not reported, but were suspected to be quite low from viscosity 
Scheme 1.13: Synthesis of poly(ester amide)s. 
 
  
22 
measurements.  The polymers displayed a crystallinity that was dependent on the 
dicarboxylic acid monomer used. 
 
Using a similar strategy involving a disaccharide monomer, the same group 
synthesized polyureas by the polycondensation of 6,6’-diamino-6,6’-dideoxy-α-α-D-
trehalose with diisocyanates62 (Scheme 1.15).  The synthesized polymers demonstrated 
several favorable properties characteristic of both synthetic polymers and natural 
polysaccharides, including potential for use as permeable membranes when cast as thin 
films.   These polymers also exhibit excellent biodegradability. 
 
In a rare example of polycondensation to form saccharide polymers without a 
copolymer, Kadokawa and co-workers initiated the spontaneous polymerization of 6-
amino-6-deoxy-D-glucose (Scheme 1.16) to create amine-linked polysaccharides63.  The 
Scheme 1.14: Synthesis of polyesters. 
Scheme 1.15: Synthesis of polyureas. 
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polymerization proceeded through a mechanism involving an Amadori rearrangement, 
with molecular weights of around 12,000 g/mol achieved and dispersities of less than 1.4.   
 
Polyacetals have also been synthesized by the polycondensation of α,α-D-
trehalose with terephthalaldehyde bis(dimethyl acetal) via a regioselective acetalization64 
(Scheme 1.17), with molecular weights up to 8500 g/mol.  Trehalose is often used as the 
sugar source in these types of polymerizations because it is produced by the fermentation 
of starch, and is therefore low cost and widely available.   
 
In a final example of the use of polycondensation to synthesize non-ether linked 
sugar polymers, dynamic analogues of α-(1!5)-D-oligoarabinofuranosides were 
prepared by oxime formation65.  Homopolymerization of (2R, 3S, 4S, 5R)-2-
((aminooxy)methyl)-5-dimethoxymethyl)tetrahydrofuran-3,4-diol leads to an oxime 
linked polymer with degrees of polymerization between 10 and 14 as determined by 
DOSY.  The polymerization was shown to be reversible by the incorporation of a 
Scheme 1.16: Polymerization of 6-amino-6-deoxy-D-glucose. 
 
Scheme 1.17: Synthesis of polyacetals. 
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terminating agent, O-(tert-butyl) hydroxylamine, after equilibration of the 
polymerization, which quickly decreased the length of the polymer chain (Scheme 1.18). 
 
 
1.4.2 Ring-Opening Polymerization 
Ring-opening polymerization has also been used to synthesize polymers 
containing sugar units with non-ether linkages.  As with polycondensation, the formed 
structures can either be homo- or co-polymers. 
The first example of an amide-linked saccharide polymer was reported by the 
Hashimoto group in 199266.  A bicyclic oxalactam, (1S,4S,5R)-4-(benzyloxy)-8-oxa-6-
azabicyclo[3.2.1]oct-2-en-7-one, was polymerized via anionic ring-opening to a polymer 
with a 5,6-dihydro-2H-pyran 1!6 repeat unit, which quickly rearranges to a 5,6-dihydro-
4H-pyran unit by proton abstraction from the α-methine adjacent to the amide (Scheme 
1.19).  The polymer was synthesized with molecular weights up to 15,600 g/mol, but with 
very high dispersities (4.6-6.0). 
Scheme 1.18: Synthesis of oxime-linked polymer (top) and demonstration of their 
reversibility (bottom). 
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In 2012, the Grinstaff group reported the stereoselective polymerization of 
glucose and galactose-based lactam-monomers via ring-opening polymerization to α-1,2-
linked poly-amido-saccharides67-69.  The polymers were achieved with degrees of 
polymerization from 20 to 120 with dispersities less than 1.2 (Scheme 1.20).  Following 
removal of the benzyl protecting groups, the resulting rigid, water soluble polymers 
showed a helical secondary structure in solution. 
 
Beginning in 1999, Gross and co-workers polymerized different sugar-based 
cyclic carbonates either alone70 or with various co-monomers71-73 to create 
polycarbonates containing sugar residues in the mainchain.  A new monomer, 1,2-o-
isopropylidene-D-xylofuranose-3,5-cyclic carbonate (IPXTC), was synthesized and 
polymerized with molecular weights up to 13200 g/mol71.  The polymer contained three 
Scheme 1.19: Synthesis of amide-linked polymer. 
 
Scheme 1.20: Poly-amido-saccharide synthesis. 
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different linkages, head-to-head, head-to-tail, and tail-to-tail, found in statistical amounts 
(Scheme 1.21) and could not fully be deprotected, however.   
 
Scheme 1.21: Possible linkages in IPXTC homopolymers. 
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IPXTC was also copolymerized with L-lactide, using Sn(Oct)2 as catalyst72.  
Although the molecular weight could be greatly increased (78,400 g/mol), the 
incorporation of IPXTC into the polymer dropped to <10%.  When IPXTC was instead 
polymerized with trimethylene carbonate, the resulting polymer contained approximately 
50% IPXTC by monomer repeat unit, and was observed by NMR to be primarily 
alternating71 (Scheme 1.22).  In both series of polymers, the ketal protecting groups could 
be removed by hydrolysis to reveal the vicinal diols of the sugar monomer. 
 
A few years later, Gross and co-workers developed a second sugar-based cyclic 
carbonate monomer, 1,2-o-isopropylidene-3-benzyloxy-pentofuranose-4,4’-cyclic 
carbonate (IPPTC), with orthogonal protecting groups on the primary and secondary 
hydroxyl groups73.  This monomer was copolymerized with L-lactide in a manner similar 
to IPXTC, to molecular weights of 77,800 g/mol and 4% IPPTC incorporation (Scheme 
1.23).  Selective deprotection was achieved, allowing for a range of possible 
functionalizations. 
Scheme 1.22: IPXTC copolymers. 
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While the Gross group polymerized 6-membered cyclic carbonates, in 2005, Haba 
and Endo polymerized a 5-membered cyclic carbonate sugar monomer, methyl 4,6-0-
benzylidene-2,3-O-carbonyl-α-D-glucopyranoside, without elimination of carbon 
dioxide74 (Scheme 1.24).  Using an anionic initiator, they achieved molecular weights up 
to 14,000 g/mol with fair dispersity (1.5) at room temperature.  The group hypothesizes 
that the high ring strain in the cyclic carbonate leads to this unexpected polymerization. 
 
 
1.4.3 Other Methods 
1.4.3.1 Radical Polymerization 
In addition to polycondensation and ring-opening methods, radical polymerization 
has also been used to create sugar-based polymers.  Exo-sugar vinyl ethers were 
Scheme 1.23: IPTCC polymerization. 
 
Scheme 1.24: Polycarbonate synthesis. 
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polymerized and copolymerized with common vinyl monomers.  The first reports of this 
method come from the Buchholz group in 1997, in which they polymerized two 
monomers with a 5,6-exo-cyclic double bond, 1,2,3,4-tetra-O-acetyl-6-desoxy-β-D-xylo-
hex-5-enopyranose (Ac-exo-glucal) and 1,2,3,4-tetra-O-benzoyl-O-acetyl-6-desoxy-β-D-
xylo-hex-5-enopyranose (Bz-exo-glucal)75.  Though the yields of the 
homopolymerization were low (<10%), high molecular weights of around 20,000 g/mol 
were achieved (Scheme 1.25).  Copolymerization with several common vinyl monomers 
was also reported, leading to increases in both yield and molecular weight. 
 
The group also demonstrated the radical polymerization of 1,2-unsaturated 
fructopyranoid derivatives, both alone and with co-monomers76.  Two monomers, 2,6-
anhydro-3,4,5-tri-O-acetyl-1-desoxy-β-D-arabino-hex-1-enopyranose (Ac-exo-fructal) 
and 2,6-anhydro-3,4-5-tri-O-benzoyl-1-desoxy-β-D-arabino-hex-1-enopyranose (Bz-exo-
fructal), were polymerized to molecular weights of 63,250 g/mol and 33,250 g/mol, 
respectively (Scheme 1.26).  The yields for homopolymerization were again low, which 
the researchers attribute to steric hinderence at the formed sugar radical. 
Scheme 1.25: Radical polymerization of Ac-exo-glucal and Bz-exo-glucal. 
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The polymerization of 5,6-unsaturated fructofuranoid derivatives was not as 
successful as that of other exo-sugar vinyl ethers.  Radical polymerization of 1,2,3,4-
tetra-O-benzoyl-6-deoxy-α-D-threo-5-eno-hexafuranose-2-uloside (Bz-5,6-exo-fructene) 
resulted in polymers with molecular weights of only 5,200 g/mol77 (Scheme 1.27).  The 
authors hypothesize that this is due to the lack of resonance stabilization of the formed 
radical in the monomer.  Copolymerization with these monomers showed both increased 
yield and molecular weight. 
 
Attempts at the homopolymerization of unsaturated glucono-δ-lactone derivatives 
possessing an endocyclic double bond failed, although copolymerization with several 
vinyl monomers was successful.  The monomers, 2,4,6-tri-O-acetyl-3-deoxy-D-erythro-
hex-2-enono-1,5-lactone (Ac-GEL) and 2,4,6-tri-O-benzoyl-3-deoxy-D-erythro-hex-2-
Scheme 1.26: Radical polymerization of Ac-exo-fructal and Bz-exo-fructal. 
 
Scheme 1.27: Radical polymerization of Bz-5,6-exo-fructene and Ac-5,6-exo-
fructene. 
 
  
31 
enono-1,5-lactone (Bz-GEL), were polymerized with a series of electron-rich vinyl 
monomers, forming polymers with molecular weights ranging from 5000 to 50000 
g/mol78 (Figure 1.2 and Table 1.5).  
 
 
 
1.4.3.2 Click Polymerization 
Another method used to synthesize sugar-based polymers is “click” 
polymerization.  In 2006, the Reineke group reported the first synthesis of trehalose click 
polymers by the reaction of 2,3,4,2’,3’,4’-hexa-O-acetyl-6,6’-diazido-6,6’-dideoxy-D-
trehalose with dialkyne-amide comonomers with one, two, or three Boc-protected 
secondary amines79 (Scheme 1.28).  This copper(I)-catalyzed azide-alkyne cycloaddition 
resulted in polymers, called poly(glycoamidoamine)s, with degrees of polymerization 
 
Figure 1.2: Structures of monomers in copolymerization with Ac-GEL and Bz-GEL. 
Table 1.5: Copolymerization of Ac-GEL with vinyl comonomers. 
Polymer Comonomer T 
(oC) 
Mw 
(g/mol) 
Copolymer 
Compostion 
(sugar:comonomer) 
Yield 
(%) 
1 VAc 60 0.6x104 23:77 6 
2 NVp 60 4.9x104 45:55 10 
3 VBE 60 1.2x104 55:45 7 
4 Sty 60 0.8x104 5:95 18 
5 VAc 70 3.0x104 30:70 80 
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between 56 and 61, which, when deprotected, promoted pDNA delivery.  In later reports, 
researchers were able to extend this polymerization by changing the dialkyne-amide 
comonomer and increasing the degree of polymerization up to 10080-82. 
 
 
1.4.3.3 Michael Addition 
Similar to click polymerization, Michael addition has been used to synthesize 
sugar-based polymers, specifically poly(ester amine)s.  In this method, reported by the 
Reineke group in 2012, a diacrylate-glucose monomer was polymerized with two 
oligoethyleneamine monomers with terminal secondary amines via Michael addition83 
(Scheme 1.29).  Though the degree of polymerization was low (DP=12), once 
Scheme 1.28: Trehalose “click” polymerization. 
 
  
33 
deprotected, these polymers were able to deliver pDNA and were shown to be 
biodegradable. 
 
 
1.4.3.4 Ring-Opening Metathesis Polymerization 
A final method that has been used to synthesize sugar-based polymers is ring-
opening metathesis polymerization (ROMP), which is more often seen in the synthesis of 
polymers with pendant sugars.  A 26-membered ring glycolipid monomer, a natural 
lactonic form of sophorolipids, was polymerized with a ruthenium catalyst to form a 
poly(sophorolipid) with high yield and molecular weights up to 42,200  g/mol84 (Scheme 
1.30). 
Scheme 1.29: Michael addition polymer synthesis. 
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1.5 Polysaccharide Mimics from Non-Carbohydrate Sources 
In addition to ether-linked and non-ether-linked polysaccharides, other groups are 
exploring polymers that mimic the structures of carbohydrates, without being derived 
from a sugar-based monomer.  These polymers contain five- or six-membered rings 
containing a heteroatom in the mainchain of the polymer backbone and several hydroxyl 
or carboxyl groups.  Work in this area is focused on two main methods, ring-opening 
metathesis polymerization of oxanorbornene derivatives and polymerization of 
thiosugars. 
 
1.5.1 Oxanorbornene Derivatives 
The first examples of carbohydrate mimic polymers are oxanorbornene 
derivatives synthesized by ring-opening metathesis polymerization (ROMP).  Though 
unmodified poly(oxanorbornene) contains a furan ring in the main-chain, it bears little 
Scheme 1.30: ROMP of sophorolipid. 
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other similarity to polysaccharides.  However, by introducing acid and hydroxyl groups 
to the polymer, it can become water-soluble and gain characteristics of polysaccharides. 
In 2001, Muelhaupt and coworkers synthesized carbohydrate analogue polymers 
by polymerization of a protected diol derivative of oxanorbornene, followed by 
deprotection and catalytic dihydroxylation of the double bonds in the polymer chain85 
(Scheme 1.31).  The psuedo-polyribofuranoses were synthesized with molecular weights 
up to 36,600 g/mol and dispersities of 1.5.  The polymers demonstrated solubility 
properties similar to cellulose, indicating a likelihood of superstructures formed via 
intermolecular hydrogen bonding. 
 
While Muelhaupt synthesized fully hydroxylated poly(oxanorbornene)s, others 
focused on the synthesis of acid-functionalized derivatives.  In 2000, the polymerization 
of tetrahydopyranyl-protected 7-oxanorbornenedicarboxylic acid was reported86.  
Molecular weights up to 10,000 g/mol were achieved with dispersities of 2.2.   
Several years later, the Tew group reported the polymerization of unprotected 7-
oxanorbornenedicarboxylic acid87, using the Grubbs III catalyst (Scheme 1.32).  They 
found that the carboxylic acids must be fully protonated for the polymerization to 
proceed, as the carboxylate anion would quench the reaction.  Using this method, they 
Scheme 1.31: Synthesis of hydroxylated poly(oxanorbornene). 
 
  
36 
were able to synthesize polymers with molecular weights ranging from 31 to 242 kg/mol 
with dispersities as low as 1.1.  
 
Combining these two approaches, in 2010 the Grinstaff lab reported the synthesis 
of poly(5,6-dihydroxyoxanorbornane carboxylic acid), bearing both hydroxyl groups and 
carboxylic acids88 (Scheme 1.33).  The alginic acid analogue was synthesized with 
molecular weights ranging from 100k to 5M g/mol with dispersities ranging from 1.2 to 
1.5.  The polymers possessed many of the properties of alginic acid, including the ability 
to form hydrogels with polylysine (Figure 1.3).  In addition, the viscosity of the polymers 
was highly dependent on the backbone rigidity.  The dihydroxylated polymers displayed 
very low viscosity, while the polymers containing double bonds in the backbone 
displayed viscosities of 10 Pa"s as a 2% w/v solution. 
Scheme 1.32: ROMP of exo,exo-7-oxa-5-norbornene-2,3-dicarboxylic acid. 
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1.5.2 Thiosugar Polymers 
Thiosugar polymers represent a second class of carbohydrate mimic polymers.  
All of the work in this field has been done by the Satoh group at Hokkaido University in 
the past fifteen years.  Similar to their work with non-anomeric ether-linked 
polysaccharides, they polymerized two thiosugar monomers, 1,2:5,6-diepithio-1,2,5,6-
tetradeoxy-3,4-di-O-methyl-D-mannitol and its diastereomer 1,2:5,6-diepithio-1,2,5,6-
Scheme 1.33: Synthesis of poly(5,6-dihydroxyoxanorbornane carboxylic acid). 
 
 
Figure 1.3: Photograph of alginate:polylysine hydrogels (left) and polymer:polylysine 
hydrogels (right) (Wathier 2010). 
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tetradeoxy-3,4-di-O-methyl-L-iditol, using cationic and anionic initiators89-91.  The 
polymerization proceeds through a cyclopolymerization mechanism to a five-membered 
cyclic repeat unit formed through α-scission of the epithio group for the intramolecular 
cyclization and by the following β-scission for the intermolecular propagation, to 
molecular weights ranging from 9,300 to 47,700 g/mol (Scheme 1.34). 
 
A few years later, the group was able to polymerize these same thiosugars, as well 
as their meso isomer, 1,2:5,6-diepithio-3,4-di-O-methyl-allitol, in a regio- and 
stereoselective way using a ZnEt2/H2O catalyst system92.  The cyclopolymerization of the 
mannitol derivative performed the best, with molecular weights achieved of 5,300 to 
Scheme 1.34: Cyclopolymerization of thiosugars. 
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33,600 g/mol.  The formed polymers consisted primarily of 2,5-anhydro-1,5-dithio-D-
glucitol repeat units as was the case with their previous results. 
 
1.6 Conclusions 
In this review, the chemical synthesis of polysaccharides and polysaccharide 
mimics is surveyed.  Ether-linked polysaccharides, both linear and branched, are 
synthesized by polycondensation, ring-opening polymerization of anhydro-sugars, and 
cyclopolymerization of dianhydro-sugars.  Polysaccharide mimics with non-ether 
linkages are synthesized by a variety of methods, leading to polymers with properties of 
both natural polysaccharides and synthetic polymers.  Finally, polysaccharide mimics 
from non-carbohydrate monomers are synthesized, revealing the variety of structures that 
can be created.   
The synthesis of novel and structurally well-defined polysaccharides and 
polysaccharide mimics is a growing field that will lead to new understanding of the 
functions of polysaccharides.  Though enzymatic and chemoenzymatic methods for the 
preparation of polysaccharides has grown more popular in recent years, fully synthetic 
methods offer the best opportunities to access new and interesting structures not found in 
nature. 
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CHAPTER 2: Large Molecular Weight Carboxylated and Hydroxylated 
Norbornene Polymers 
 
2.1 Introduction 
Ring-opening metathesis polymerization (ROMP) is a versatile method for the 
synthesis of highly diverse polymers93-98.  The living nature of these polymerizations 
allows for the preparation of low-dispersity polymers with known endgroups and side-
chain functionalities.  Ruthenium catalysts, particularly the second generation Grubbs 
catalyst, are commonly used for the polymerizations of monomers such as norbornenes 
and norbornadienes due to their tolerance of a wide range of polar functional groups, 
including ester groups99-101. 
ROMP of norbornenes has been used extensively to create materials with varying 
properties for diverse applications.  On the commercial side, polynorbornenes have been 
used as adhesives in the treatment of natural rubber102.  Doubly polymerizable 
polynorbornenes have been synthesized for use in photolithography103.  ROMP has also 
been used in the synthesis of polynorbornene nanoparticles104, glycopolymers105, and 
carbohydrate-mimic polymers85.  It is also used to synthesize polymers for medical 
uses106-107, including drug delivery108 and antibacterial agents109.  Specifically, 
polynorbornenes have been synthesized that contain penicillin units110 or cationic side 
chains109 to afford the polymers antibacterial activity.  In an additional biomedical 
application, photocurable polynorbornenes have been made as synthetic bone 
replacements111.  Figure 2.1 shows a number of the norbornene and oxanorbornene 
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polymers that have been investigated, and examples of the types of chemical 
modification or functionalizations reported.  Modification can be achieved both before 
and after polymerization, allowing for a wide range of final products with varied 
properties.  Few reports have described very high molecular weight norbornene ROM 
polymers, and the properties of these polymers can be very different than their smaller 
molecular weight analogs88, 112-113. 
 
Figure 2.1: Examples of polynorbornenes and polyoxanorbornenes from the recent 
literature. 
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Due to the potential of ROMP to create high-molecular weight polymers with 
pendant polar functional groups, we believed that modified norbornene polymers with 
their rigid, cyclic backbone would be a good first approach to polysaccharide mimics.  To 
this end, three norbornene-based ROM polymers of different molecular weights were 
synthesized.  The monomer, 5-norbornene-2-ethyl ester (mixture of endo and exo), was 
polymerized using the second generation Grubbs catalyst.  Both the side-chain and 
backbone of the polymers were altered and analyzed over a broad molecular weight 
range.  The thermal and mechanical properties were measured, and the cytotoxicity of 
cast polymer films was assessed against a standard fibroblast cell line as described in the 
10993 FDA guidelines. 
 
2.2 Polymerization and Modification 
The synthesis of the monomer and polymers is shown in Scheme 2.1.  A mixture 
of endo and exo 5-norbornene-2-carboxylic acid was protected as the ethyl ester (1) by 
first converting to the acid chloride with oxalyl chloride in dichloromethane, followed by 
treatment with ethanol.  The two-step reaction proceeded with 86% yield.  This 
protection allowed for easier polymerization with the Grubbs second generation catalyst.  
The protected monomer was polymerized to give a series of six molecular weights (2a-
2f), ranging from 50,000 to 5,000,000 g/mol.  Specifically, the monomer was dissolved in 
anhydrous benzene and purged with nitrogen for 30 min before the catalyst (similarly 
dissolved in benzene) was added.  The reaction was stirred overnight in the dark and then 
quenched by the addition of ethyl vinyl ether.  Yields for the polymerization reactions 
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were typically quantitative, though lower yields were occasionally observed (60-80%) for 
the low molecular weight polymers due to losses during purification.  Remaining Grubbs 
catalyst was scavenged using N-acetyl-L-cysteine116.   
 
Polymer 2 was then hydroxylated with hydrogen peroxide and trifluoroacetic 
anhydride under reflux conditions to produce polymer 3 with yields ranging from 75% to 
85%.  The product was confirmed by disappearance of the vinylic signal in the 1H NMR 
spectrum of the hydroxylated polymer.  Finally, saponification of polymer 3 by refluxing 
in lithium hydroxide and methanol afforded polymer 4 in a quantitative yield. 
Scheme 2.1: Synthesis of polymers 2-4. 
 
(a) i) oxalyl chloride, DMF, DCM, 0oC, 1hr. ii) EtOH, DMAP, NEt3, DCM, -78oC, 
18hr (86%).  (b) i) Grubbs II, benzene, 25oC, 18hr. ii) ethyl vinyl ether, 30min.  (c) i) 
NEt3, TFA, DCM. ii) 30% H2O2, trifluoroacetic anhydride, DCM, reflux, 4hr (81%).  
(d) 0.5M LiOH, MeOH, reflux, 4 hr (100%). 
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The resulting norbornene polymers had limited solubility.  Polymer 2 was soluble 
in many organic solvents, including chloroform, dichloromethane, diethyl ether, and 
tetrahydrofuran.  Polymer 2 was insoluble in aqueous solutions, dimethylformamide, and 
methanol.  Molecular weight did not significantly affect solubility, but increasing 
molecular weight increased the time the polymer took to dissolve.  For example, the 
lowest molecular weight polymer was completely dissolved in chloroform after 5 min of 
sonication, while the highest molecular weight polymer took nearly 2 h to dissolve at a 
similar concentration.  Polymer 3 was insoluble in most solvents and only dissolved in 
dimethylsulfoxide and dimethylformamide.  Polymer 4 showed similar solubility to 
polymer 3, but was also slightly soluble in water above pH 9. 
 
2.3 Characterization of Molecular Weight 
The polymers were analyzed by NMR, GPC (in tetrahydrofuran or 
dimethylformamide using polystyrene standards), DSC, and TGA.  Table 2.1 shows the 
GPC results.  Polymers 2a-2f were successfully synthesized with the expected molecular 
weights.  Dispersity was good, with Đ ranging from 1.2 to 1.4.  Polymers 4a-4f were 
analyzed by GPC in dimethylformamide with 0.05% LiBr, but all samples appeared to 
have very high molecular weights, likely as a result of aggregation of polymer chains.  
For example, polymer 4a, with an expected molecular weight of 50,000 g/mol had an 
apparent molecular weight of 5,600,000 g/mol with a dispersity of 4.6.  Similar results 
were seen for polymers 4b-4f. 
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To solve this problem, boronic ester derivatives (5a-5f) were prepared to increase 
the solubility of the polymers and reduce aggregation (Scheme 2.2).  Polymers 5a-5f 
were synthesized by reacting the diols of polymer 4 with phenylboronic acid in 
dimethylformamide and methanol overnight.  These modified polymers were analyzed by 
GPC in dimethylformamdie with 0.05% LiBr, revealing close to the expected molecular 
weights with narrow dispersity.  This result showed that the polymer chain was not 
degraded during the synthesis of the modified polymers. 
 
 
 
Table 2.1: GPC results for polymers 2 and 5. 
Compound Mn, target Mn, GPC Mw/Mn Compound Mn, target Mn, GPC Mw/Mn 
2a 50k 65k 1.36 5a 52k 61k 1.22 
2b 100k 109k 1.29 5b 104k 115k 1.34 
2c 250k 220k 1.20 5c 260k 273k 1.54 
2d 500k 406k 1.41 5d 520k 516k 1.38 
2e 1M 1.0M 1.32 5e 1.04M 1.46M 1.13 
2f 5M 4.8M 1.28 5f 5.20M 4.89M 1.28 
 
Polymer 2 was a solution in THF and polymer 5 in  DMF with 0.05% LiBr.  Results 
are shown versus polystyrene standards.  Mn are given in g/mol.  Mn, target = grams of 
monomer/moles of catalyst. 
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Scheme 2.2: Synthesis of boronic esters.  
 
 
2.4 Thermal Properties 
The thermal properties of polymers 2-4 were characterized by TGA and DSC.  
Decomposition temperature remained relatively constant between molecular weights 
within a particular polymer, but did vary between the different polymers.  Polymers 2a-2f 
degraded around 380oC, while polymers 3a-3f degraded around 425oC, and polymers 4a-
4f degraded around 320oC (Table 2.2). 
 
A glass transition was observed in polymer 2 at around 40oC for all molecular 
weights.  In addition, a melting temperature was observed for all molecular weights at 
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Table 2.2: Decomposition temperatures (Td) for polymers 2-4 as measured by TGA. 
Compound Td (oC) Compound Td (oC) Compound Td (oC) 
2a 384 3a 420 4a 319 
2b 386 3b 434 4b 321 
2c 382 3c 430 4c 317 
2d 380 3d 428 4d 324 
2e 388 3e 432 4e 318 
2f 386 3f 394 4f 320 
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around 140oC (Table 2.3).  Films of polymer 3 displayed a glass transition temperature 
around 56oC, though no melting temperature was observed (Table 2.4).  The increase in 
transition temperature between polymers 2 and 3 is likely a result of the hydrogen 
bonding capability of polymer 3.  Despite repeated attempts, no glass transition or 
melting temperatures were observed by DSC for polymer 4. 
 
 
 
Table 2.3: Glass transition (Tg) and melting temperatures (Tm) for polymer 2 as 
measured by DSC. 
Compound Tg (oC) Tm (oC) 
2a 39 140 
2b 41 141 
2c 40 138 
2d 38 139 
2e 37 138 
2f 40 141 
 
Table 2.4: Glass transition temperatures (Tg) of films of polymer 3 as measured by 
DSC. 
Compound Tg(oC) 
3a 55 
3d 58 
3f 56 
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2.5 Mechanical Properties 
Films were cast for polymers 2 and 3 at molecular weights of 50k, 500k, and 5M 
g/mol.  Films removed from circular molds had a diameter of 1.8 cm with an average 
thickness of 0.5 mm.  Films of polymer 2 were created in duplicate from tetrahydrofuran, 
keeping mass constant between the films.  Viscous solutions of polymer 2 were poured 
into Teflon molds and allowed to dry on the bench for 48 h.  The films were then dried in 
a vacuum oven for a further 48 h before being removed.  Figure 2.2 shows a 
representative film of polymer 2.  Polymer 3 films were cast from dimethylformamide in 
a similar manner.  Polymer 4 did not form cohesive films when cast, but instead yielded a 
powdery, while solid. 
 
 
Figure 2.2: Images of film cast from polymer 2 showing its flexibility.  The image on 
the left shows the film in its natural state and the image on the right shows the film 
being flexed. 
  
49 
Rheology was performed on these films to determine their viscoelastic properties.  
An oscillating shear stress was applied to the films to measure dynamic shear moduli and 
phase angle.  The results for polymer 2 are shown in Figure 2.3.  There was no clear trend 
observed in G’, the shear storage modulus, with G’ values of 228 kPa, 313 kPa, and 291 
kPa for the 50k, 500k, and 5M polymers, respectively, although the larger polymers 
possessed higher G’ values.  However, the phase angle, delta, decreased slightly with 
increasing molecular weight, from a maximum of 24.3o for polymer 2a (50k), to a 
minimum of 22.1o for polymer 2f (5M).  This change indicates that polymer 2 becomes 
more solid-like as molecular weight increases, likely due to increased chain entanglement 
in the higher molecular weights.  Experiments were run at 60oC, as this temperature is 
well above the glass transition of the polymer.  Attempts to measure the rheological 
properties at room temperature resulted in slippage of the geometry and the resulting 
difficulty in performing the measurements. 
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The rheology results for polymer 3 are shown in Figure 2.4.  Again, delta was 
seen to be inversely proportional to molecular weight, while G’ and molecular weight 
were proportional.  G’  for the 50k, 500k, and 5M polymers were 83 kPa, 97.5 kPa, and 
450 kPa, respectively.  The delta decreased from a maximum of 67.1o for polymer 3a to 
46.6o for polymer 3f as the molecular weight increased from 50k to 5M (p-value of 
0.007).  Again, polymer 3 becomes more solid-like as molecular weight increases, though 
in a more dramatic fashion, possibly as a result of increased hydrogen bonding as chain 
 
Figure 2.3: Rheology data for polymer 2 at molecular weights of 50k, 500k, and 5M 
g/mol at 60oC.  N=3 for all molecular weights (Avg. ± s.e.).  Results shown represent 
a frequency of 1 Hz. 
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length increases.  Experiments were run at 90oC as at lower temperatures, slipping of the 
geometry was common.  Due to this difference in temperatures, it is difficult to compare 
the results of polymers 2 and 3. 
 
Following rheology, the cast films were subjected to swelling experiments.  Films 
of polymers 2 and 3 were weighed, submerged in water for 24 h, patted dry, and weighed 
again.  Polymer 2 did not appreciably swell, as expected.  Rheology performed on the 
resulting films of polymer 2 showed no noticeable differences to unswelled films.  
 
Figure 2.4: Rheology data for polymer 3 at molecular weights of 50k, 500k, and 5M 
g/mol at 90oC.  N=3 for all molecular weights (Avg. ± s.e.).  Results shown represent 
a frequency of 1 Hz. 
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Swelling in polymer 3 appeared to be a function of molecular weight.  Polymer 3a 
swelled 28% after 24 h in water, polymer 3d: 39%, and polymer 3f: 87%.  Though the 
films took up water as indicated by their increased weight, they also lost their integrity 
and fell apart, so the mechanics of polymer 3 could not be tested following swelling. 
 
2.6 Cell Viability 
Finally, films of polymer 2 were incubated with 3T3 cells for 24 h to assess the 
toxicity of the polymer.  Cell viability results are shown in Figure 2.5.  All three 
molecular weights showed minimal cytotoxicity, with viabilities of 82%, 90%, and 87% 
for the 50k, 500k, and 5M MW films, respectively, compared to untreated controls. 
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2.7 Conclusions 
Norbornene and norbornane polymers were successfully synthesized over a 
molecular weight range of 50,000 to 5,000,000 g/mol via ROMP using the second 
generation Grubbs catalyst.  Both the backbone and side-chain of these polymers were 
chemically modified without degrading the chain length, as observed by GPC.  While the 
thermal properties of the polymers were unchanged with varying molecular weight, the 
decomposition temperature did vary upon modification.  Modification of the polymer 
 
Figure 2.5: Cell viability results via MTS assay after incubation of films of polymer 2 
for 24 hours with 3T3 cells.  N=3 for all MW (Avg. ± s.e.). 
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also resulted in changes in the glass transition and melting temperatures.  The viscoelastic 
properties of polymers 2 and 3 showed a trend: increasing molecular weight results in an 
increase of solid-like character.  Swelling studies showed that although polymer 2 did not 
swell in water, films of polymer 3 swelled directly proportional with molecular weight, 
though they lost their mechanical integrity.  Finally, films of polymer 2 were shown to 
possess minimal cytotoxicity after 24 h incubation with 3T3 cells.  The synthesis of 
norbornene polymers with controllable chemical and rheological properties is crucial to 
the development of these polymers for potential biomaterial and drug-delivery 
applications.  
 
2.8 Materials and Methods 
2.8.1 Materials 
All solvents were dried and freshly distilled prior to use or were purchased dry 
from Sigma.  All reagents were obtained from Sigma-Aldrich or Acros and used without 
further purification. 
 
2.8.2 Instrumentation 
1H NMR spectra were recorded on a Varian INOVA 400 MHz spectrometer.  
Broad or overlapping peaks, often noted in the spectra of polymers, are denoted “br”.  
Gel permeation chromatography (GPC) in tetrahydrofuran or dimethylformamide with 
0.05% LiBr was performed using a Waters HR-5 organic column with a flow rate of 1 
mL/min.  The system was calibrated against polystyrene standards (13,100 to 6,000,000 
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g/mol).  Differential scanning calorimetry experiments were performed on a TA 
instruments DSC Q100.  Thermogravimetric analysis was performed on a TA instruments 
TGA Q50.  Rheology experiments were performed on a TA instruments AR1000 using a 
1.2-cm steel flat plate geometry. 
 
2.8.3 Synthesis 
Synthesis of 1 
5-norbornene-2-carboxylic acid (11.3 g; 81.7 mmol; mixture of endo and exo) 
was dissolved in dichloromethane (120 mL) and cooled to 0oC in an ice-water bath under 
N2.  Oxalyl chloride (22.4 mL; 0.262 mol) and 1 drop of dimethylformamide were added.  
The mixture was gradually warmed to room temperature while stirring for 90 min.  
Excess oxalyl chloride and dichloromethane were removed under reduced pressure.  In a 
separate flask, ethanol (50 mL), triethylamine (12 mL), and dimethylaminopyridine (1.0 
g) were combined.  Dichloromethane (50 mL) was added to the norbornene solution and 
cooled to -78oC.  The ethanol solution was added slowly.  The resulting mixture was 
slowly warmed to room temperature and stirred overnight under N2.  The mixture was 
diluted with diethyl ether and washed successively with 1 M HCl, 1 M NaOH, and finally 
brine.  The organic layer was dried over Na2SO4, filtered, and concentrated under reduced 
pressure.  The resulting oil was purified by column chromatography on silica gel (15:1 
hexanes:ethyl acetate), followed by distillation, resulting in 11.7 g of a clear, colorless oil 
(yield 86%).  1H NMR (400 MHz, CDCl3, δ): 6.183 (dd, J = 5.6 Hz, 3.2 Hz, 0.78H, H6-
endo), 6.132 (dd, J = 5.6 Hz, 2.8 Hz, 0.22H, H6-exo), 6.102 (dd, J = 5.2 Hz, 2.8 Hz, 
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0.22H, H5-exo), 5.925 (dd, J = 5.6 Hz, 2.8 Hz, 0.78H, H5-endo), 4.099 (m, 3H, H1, ethyl 
ester), 2.205 (m, 1H, H2), 1.891 (m, 3H, H3,4), 1.536 (m, 1H, bridgehead), 1.386 (m, 
1H, bridgehead), 1.245 (m, 3H, ethyl ester). 
 
Representative Synthesis of 2 
1 (1.0 g; 6.0 mmol) was dissolved in dry benzene (20 mL) and purged with N2.  
Grubbs second generation catalyst (G2; 1.75 mg; 0.0021 mmol) was dissolved in benzene 
(1 mL) and added to the solution of 1 and stirred at room temperature overnight under N2 
in the dark to synthesize a 500k MW sample.  Ethyl vinyl ether (1 mL) was added and the 
solution was stirred for a further 30 min.  The solution was poured onto methanol and the 
resulting 1 g of white solid was filtered (yield 100%).  The polymer was redissolved in 
tetrahydrofuran and stirred with approximately 100 mg of N-acetyl-L-cysteine for 15 min 
before being precipitated again into methanol.  1H NMR (400 MHz, CDCl3, δ): 5.4-5.2 
(br, 2H, vinyl H), 4.1 (br, 2H, ethyl ester), 3.1-2.5 (br, 3H, H-1,2,4), 2.0-1.4 (br, 4H, 
H3,5), 1.2 (br, 3H, ethyl ester). 
 
Representative Synthesis of 3 
2 (200 mg; MW = 500k) was dissolved in dichloromethane (10 mL).  In a second 
flask, triethylamine (5 mL), diethyl ether (10 mL), and trifluoroacetic acid (3 mL) were 
combined (Solution 1).  In a third flask, 35% hydrogen peroxide (2 mL), dichloromethane 
(5 mL), and trifluoroacetic anhydride (5 mL) were combined (Solution 2).  Solution 1 (2 
mL) and all of Solution 2 were added to the solution of 2 and refluxed at 45oC for 4 h.  
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The mixture was concentrated under reduced pressure, poured onto 1M HCl and the 
resulting 194 mg of white solid was isolated by filtration (yield 81%).  1H NMR (400 
MHz, d6-DMSO, δ): 3.8 (br, 2H, ethyl ester), 3.1 (br, 1H, hydroxyl), 3.0-2.5 (br, 3H, H-
1,2,4), 2.0-1.4 (br, 4H, H-3,5), 1.2 (br, 3H, ethyl ester). 
 
Representative Synthesis of 4 
3 (200 mg; MW = 500k) was dissolved in methanol (15 mL) and H2O (5 mL).  
LiOH (0.24 g) was added and stirred overnight at 60oC.  The solution was poured onto 
1M HCl and the resulting 208 mg of white solid was isolated by filtration (yield 100%).  
1H NMR (400 MHz, d6-DMSO, δ): 12.0 (br, 1H, carboxylic acid), 3.3 (br, 1H, hydroxyl), 
3.1-2.5 (br, 3H, H-1,2,4), 2.0-1.5 (br, 4H, H3,5). 
 
Representative Synthesis of 5 
4 (200 mg; MW = 500k) was dissolved in dimethylformamide (15 mL).  
Phenylboronic acid (2 eq/monomer) was dissolved in methanol (15 mL) and added to the 
solution of 4.  The reaction was stirred overnight at room temperature and precipitated 
into 0.5M HCl, resulting in 206 mg of white solid (yield 76%).  1H NMR (400 MHz, d6-
DMSO, δ): 12.0 (br, 1H, carboxylic acid), 8.0-7.5 (br, 5H, phenyl), 5.1-4.2 (br, 2H, H-
1,1’), 3.3-1.2 (br, 6H, H-2,3,4,5). 
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2.8.4 Rheology 
All films were equilibrated at 60oC or 90oC for 15 min and presheared at 10 Hz 
for 10 s.  Equilibration times were found using an oscillatory time sweep following 
preshearing.  Oscillatory stress sweeps were performed to determine the linear variable 
regions (LVR) for each molecular weight.  Controlled oscillatory strain of 0.1% within 
the LVR was applied during the oscillatory frequency sweeps.  Statistical significance 
was measured using a two-tailed student’s t-test, with a p-value of less than 0.05 taken as 
significant. 
 
2.8.5 Cell Viability 
In vitro cytotoxicity of the cast films was measured over 24 h in a 3(3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 
(MTS) assay for a 3T3 fibroblast cell line.  Individual films (in triplicate for each 
molecular weight polymer) were dried under vacuum for 3 days, submerged in deionized 
water for 4 days, and sterilized with ethanol and 24 h of UV irradiation.  The films were 
placed on 24-well permeable Transwell filters and incubated for 24 h with plated 3T3 
cells in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine 
serum.  Cell viability was then measured using a colorimetric (MTS) cell proliferation 
assay and was calculated as a percentage of positive control absorbance (minus 
background) for each cell line at each time point.  Before co-incubation with films, 
subconfluent 3T3 cells were harvested, seeded in 24-well plates at 20,000 cells/well (30% 
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confluence), and incubated for 24 h.  All cultures were maintained in a humidified 
atmosphere at 37oC and 5% CO2. 
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CHAPTER 3: Carboxylated Glucuronic Poly-amido-saccharides 
 
3.1 Introduction 
Polysaccharides, as one of the three major classes of natural biopolymers, play 
many varied and essential roles that are highly dependent on their molecular composition 
and structure1.  Natural polysaccharides containing ionizable groups118-119, such as the 
carboxylic acid-containing hyaluronic acid120, alginic acid121, and oxidized forms of 
cellulose122-123, are widely investigated and used in a range of biomedical124 and 
nonbiomedical applications.  In the context of biomedical use, however, these materials 
may suffer from several limitations, including the need for extensive purification, 
variable branching and dispersity, trace contamination by biological toxins, and batch-to-
batch variation125-126.  Notably, the materials used are isolated as polymers and therefore 
the ability to control repeat unit structure at the monomer level, and to access structures 
not found in Nature is not possible or significantly limited. 
The efficient polymerization of saccharides has been a longtime goal of 
chemists18, but carbohydrate polymers remain challenging synthetic targets due to their 
stereochemical complexity and the many similar functional groups that must often be 
protected14,16.  Several strategies have been explored to synthesize polysaccharides and 
polysaccharide mimics, for example: tethering a sugar to a linear or dendritic polymer to 
create glycopolymers127-129 or glycodendrimers130-131, opening of the carbohydrate ring 
via polycondensation of cationic ring-opening polymerization132-133 to give linear and 
hyperbranched polymers, step-wise oligosaccharide synthesis134, and enzymatic 
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synthesis12.  With each strategy possessing strengths and weaknesses, new approaches are 
in demand. 
In this chapter, the synthesis of enantiopure carboxylated poly-amido-saccharides 
(PASs) composed of glucose(glc)-based monomers is reported.  PASs are a new type of 
carbohydrate polymer in which the ether linkage is replaced with an α-1,2 amide 
linkage67-69.  Specifically, we report the synthesis of α-N-1,2-D-glc PASs using a 
pentafluorophenol initiator, the TEMPO mediated oxidation of the polymer to form the 
oxidized PAS (oxPAS), the stability of the helical PAS structure in the presence of acidic 
and basic conditions, and the use of PASs as stabilizing agents against protein 
denaturation. 
 
3.2 Synthesis 
The glucose-derived monomer (1, Scheme 3.1) was synthesized by the 
stereoselective cycloaddition of tri-O-benzyl-D-glucal and chlorosulfonyl isocyanate 
(CSI) followed by in situ reduction to remove the sulfonyl group.  Polymerization of the 
monomer was performed for several degrees of polymerization (DP) from 10 to 50.  
Briefly, monomer and x mol% BocGly-OPFP, an activated ester initiator, were combined 
in freshly distilled THF, cooled to 0oC, and 2.5x mol% LiHMDS was added to begin the 
reaction.  Polymerization was completed within an hour, as indicated by the 
disappearance of the monomer by TLC.  The reaction was quenched with saturated 
ammonium chloride, and the polymer was isolated as a white solid from pentane.  The 
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benzyl protecting groups were removed by sodium metal in liquid ammonia, followed by 
purification by dialysis of the now water-soluble polymer. 
 
The primary alcohol at the C6 position of the deprotected polymer repeat unit was 
transformed to a carboxylic acid by TEMPO-mediated oxidation122-123, with sodium 
hypochlorite as the reoxidant.  For the oxidation reaction, the polymer, 2.4 equivalents of 
NaOCl per repeat unit of polymer, and catalytic amounts of NaBr and TEMPO were 
dissolved in deionized water and the pH was monitored by a pH-meter with automatic 
titration with 0.5M NaOH to maintain a pH of 10.5.  The reaction pH remained stable at 
10.5 without requiring additional NaOH after 5 minutes, and was maintained for an hour 
to ensure complete conversion.  Excess oxidant was quenched with ethanol and the 
polymer was purified by dialysis and isolated as the sodium salt following lyophilization.  
Scheme 3.1: Oxidized poly-amido-saccharide synthesis. 
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By reducing the amount of NaOCl to 1.2 equivalents, a polymer in which only 50% of 
the primary alcohols were oxidized was synthesized. 
 
3.3 Characterization 
3.3.1 Gel Permeation Chromatography 
The molecular weight and dispersity of the polymers were measured using gel 
permeation chromatography (Table 3.1).  The protected polymers were analyzed with 
THF as the eluent against polystyrene standards.  For the deprotected and oxidized 
polymers, aqueous buffer (pH 7.5) was employed as the eluent against polydextran 
standards.  Molecular weights were in agreement with the calculated values, and the 
dispersities (Đ) were low (1.1-1.3).  These results indicate that the polymerization is 
controlled over a range of molecular weights, and that the deprotection and oxidation 
steps do not degrade the polymer backbone. 
 
 
 
 
Table 3.1: GPC results. 
DP MW 
(calc) 
Prot. 
MW 
PDI Free-
OH 
MW 
PDI Ox. 
MW 
PDI 
20 9.2k 6.4k 1.1 3.9k 1.1 3.9k 1.2 
30 13.8k 13.0k 1.2 5.2k 1.2 5.5k 
5.3k 
(half) 
1.2 
1.2 
50 23k 20.0k 1.1 8.7k 1.2 8.9k 1.3 
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3.3.2 IR and NMR 
IR spectra were measured for polymers 4 and 5 (DP=20), which are 100% and 
50% oxidized, respectively.  When compared to the unoxidized polymer, a new peak is 
observed at 1607 cm-1 in the oxidized samples, which is attributed to the C=O stretch of 
the carboxylate (Figure 3.1).  In the half-oxidized polymer, this peak has approximately 
half the intensity of the fully oxidized polymer.  By 1H NMR, the peak corresponding to 
the C6 protons at 3.8ppm disappears following oxidation, while the C5 proton shifts 
downfield, consistent with an oxidized structure (Figure 3.2). 
 
Figure 3.1: IR of PAS (middle), oxPAS (top), and half-oxPAS (bottom). 
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Figure 3.2: 1H NMR of PAS (top) and oxPAS (bottom) in D2O. 
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3.3.3 Thermal Properties 
 The thermal properties of the oxidized PASs were analyzed.  TGA of the 20mer 
oxPAS revealed a decomposition temperature of 240oC, and no melting or glass 
transition temperatures were observed by DSC.  This result is similar to that seen for 
natural acidic polysaccharides, such as hyaluronic acid (Td = 241oC) and chitosan (Td = 
298oC)135. 
 
3.4 Secondary Structure  
3.4.1 Circular Dichroism 
The oxidized PASs 4 and 5 exhibited a circular dichroism spectrum similar to that 
of the unoxidized PASs with a maximum at 191 nm and a minimum at 219 nm, 
indicating a helical structure.  The degree of oxidation affected the spectrum, as the fully 
oxidized polymers showed less helical character than their unoxidized and half-oxidized 
counterparts (Figure 3.3).  Though the protected PAS is not soluble in water, CD spectra 
taken in ethanol reveal a similar helical structure (Figure 3.4).  The spectrum is similar to 
that seen in other β-polypeptides that possess a regular helical secondary structure136-138. 
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Figure 3.3: CD spectrum of PAS, oxPAS, half-oxPAS, and openPAS in 7mM PBS. 
 
Figure 3.4: CD spectrum of BnPAS in ethanol. 
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The secondary structure of the oxidized PASs did not significantly change over a 
wide pH range, from 2 to 12, after 2 or 48 hours with only a slight decrease in helical 
character seen at extremely low pH (Figure 3.5).  These results show that the helical 
structure adopted by these polymers is robust. 
 
 
3.4.2 Backbone Ring-Opening 
Based on these results, we hypothesized that the conformationally restricted 
pyranose ring present in the polymer backbone contributed to the helical secondary 
structure.  To test this hypothesis, we opened the pyranose ring by oxidizing the vicinal 
diols of C3 and C4 to the aldehyde using sodium periodate139.  The resulting aldehyde in 
 
Figure 3.5: CD spectrum of oxPAS at pH 2, 7, and 12. 
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the position adjacent to an amide tautomerized to a conjugated enol (Scheme 3.2), as seen 
by 1H NMR.  Following dialysis and lyophilization, the CD spectrum of this polymer was 
measured in aqueous buffer.  As shown in Figure 3.3, the helical character was no longer 
present in the polymer (openPAS, 8).  
 
 
3.5 Protein Stabilization 
3.5.1 Introduction 
Proteins are widely used in biochemical research and as pharmaceutical agents, 
and their stability and retention of activity are primary concerns for storage and 
subsequent use140-141.  Consequently, protein stabilization agents are added to protein 
samples before lyophilization to lessen the loss of activity upon freeze drying.  Trehalose, 
an α-linked glucose disaccharide, is one of the most commonly used agents.  It stabilizes 
proteins towards lyophilization by retaining water molecules near the protein structure 
and by hydrogen bonding to the protein142.  In fact, trehalose side chain polymers, 
prepared by RAFT polymerization, when conjugated to an enzyme impart enhanced 
stabilization towards environmental stressors143-144.   
 
Scheme 3.2: PAS ring-opening and tautomerization. 
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3.5.2 Lysozyme 
We hypothesized that PASs, both in their oxidized and unoxidized forms when 
mixed with an enzyme may perform a similar role to trehalose due to the concentration of 
multiple hydrogen bond donors and acceptors on each repeat unit, but have increased 
potency due to their polymeric structure.  Thus, samples of lysozyme alone, lysozyme 
with 100-fold excess trehalose, PAS (DP50), and oxPAS (DP50, 7) were subjected to 10 
lyophilization cycles and the lysozyme activity was subsequently measured and 
compared to the activity before lyophilization, using a well-established fluorescence 
assay144.  All three carbohydrates tested showed statistically significant (p<0.001) higher 
lysozyme activity that the untreated control, with the oxPAS stabilized lysozyme 
performing the best (p<0.01) as compared to trehalose (Figure 3.6).   
 
 
Figure 3.6: Lysozyme activity following 10 lyophilization cycles versus untreated 
controls (N=5 for all samples). 
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3.5.3 Insulin 
 Following the success of the stabilization of lysozyme, we moved to a more 
challenging target, insulin.  Insulin exists as a zinc-coordinated hexamer under 
physiological conditions, and as a dimer or tetramer in zinc-free solutions145.  As insulin 
destabilizes, it forms linear, biologically-inactive aggregates called fibrils146.  This fibril 
formation is a major problem in commercial isolation and purification of insulin, as well 
as in insulin devices and pumps.  The first step in the destabilization of insulin is the 
transition from its dimer or tetramer form to a monomeric form, which can be observed 
by measuring the molar ellipticity at 276 nm, which represents exposure of tyrosines in 
the monomer-monomer interface to solvent, by circular dichroism. 
 Samples of insulin alone or with an equal concentration of 50mer oxPAS were 
analyzed by temperature ramp CD in 7 mM phosphate buffer.  The temperature was 
raised at 1oC/min and triplicate scans were taken every 5oC up to 90oC.  Representative 
runs are shown in figure 3.7.  Averaging the results, it becomes clear that oxPAS actually 
destabilizes insulin upon heating, as the decrease in ratio of ellipticity at baseline to 276 
nm indicates (Figure 3.8). 
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Figure 3.7: Representative CD temperature ramps of insulin alone and insulin with 
oxPAS. 
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3.5.4 Electrostatic Binding 
Following the failure of oxPASs to stabilize insulin, we hypothesized that the 
increased stabilization of lysozyme with oxPAS may arise from electrostatic interaction 
between the protein and the polymer.  Lysozyme has an isoelectric point of 11.35147, 
while the isoelectric point of insulin is 5.3148.  Because oxPAS is negatively charged at 
pH 7, it likely electrostatically binds lysozyme, which is positively charged at the same 
pH.  To confirm this, gel electrophoresis was performed.  (Figure 3.9).  When both 
 
Figure 3.8: Baseline to 276 nm ellipticity change from temperature ramp. 
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lysozyme and oxPAS were present, lysozyme did not travel as far in the gel, indicating 
increased size due to binding with oxPAS. 
 
 
3.6 Conclusions 
In conclusion, the first synthesis of carboxylated glucuronic poly-amido-
saccharides is reported.  The polymers are prepared using a controlled anionic ring-
        1           2         3         4         5          6        7 
 
Figure 3.9: Native gel electrophoresis results. 
1.  Ladder 
2.  Lysozyme 
 
3.  PAS 
 
4.  oxPAS 
 
5.  PAS + Lysozyme 
 
6.  oxPAS + Lysozyme 
 
7.  Trehalose + Lysozyme 
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opening polymerization followed by a selective oxidation of the C6 alcohol of the repeat 
unit to a carboxylic acid.  The helical structure formed by these polymers, as indicated by 
CD, is largely unaffected by strong acid or base conditions, but is lost upon cleavage of 
the pyranose ring structure in the polymer backbone.  In addition, PASs and oxPASs 
show promise as new protein stabilizing agents, with the oxPASs being significantly 
more effective than trehalose at stabilizing lyosozyme to repeat freeze drying.  These 
acidic, water-soluble, carbohydrate polymers provide a unique opportunity to study 
structurally defined polysaccharide mimics and to identify potential applications for this 
new class of biopolymers. 
 
3.7 Materials and Methods 
3.7.1 Materials 
All solvent were dried and freshly distilled prior to use or were purchased dry 
from Sigma-Aldrich.  All reagents were obtained from Sigma-Aldrich, Acros, or Carbo-
Synth and used without further purification.  The EnzChek® lysozyme assay kit was 
purchased from Invitrogen and used as per manufacturer instructions. 
 
3.7.2 General Instrumentation 
1H NMR spectra were recorded on a Varian INOVA 400MHz spectrometer or a 
Varian INOVA 500MHz spectrometer.  Broad or overlapping peaks, often noted in the 
spectra of polymers, are denoted “br”.  2D NMR spectra were recorded on a Varian 
500MHz VNMRs spectrometer.  Infrared spectroscopy was performed on a Nicolet FT-
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IR with ATR on powder samples.  Gel permeation chromatography (GPC) in THF of 
aqueous buffer (0.1M NaNO3, 0.01M Na2HPO4, 0.02% NaN3, pH 7.6) was performed 
using a Waters HR-5 organic column with a flow rate of 1 mL/min or a PL aquagel-OH 
60 column with a flow rate of 0.5 mL/min.  The system was calibrated against 
polystyrene or dextran standards.  Differential scanning calorimetry (DSC) experiments 
were performed on a TA instruments DSC Q100.  Thermogravimetric analysis (TGA) 
was performed on a TA instruments TGA Q50.  Circular dichroism (CD) experiments 
were performed on an Applied Photophysics CS/2 Chirascan spectrometer with a 
standard Mercury lamp in 7mM phosphate buffer or ethanol. 
 
3.7.2 Synthesis 
(1S,3R,4S,5R,6R)-4,5-bis(benzyloxy)-3-((benzyloxy)methyl)-2-oxa-8-
azabicyclo[4.2.0] octan-7-one. 
At room temperature, 1.35 mL (2.21 g, 15.6 mmol) of dried chlorosulfonyl 
isocyanate was dissolved in 20 mL anhydrous toluene over 2.0 g oven-dried sodium 
carbonate under N2.  The solution was cooled to -78oC and a solution of 5.00 g (12.0 
mmol) of tri-O-benzyl-D-glucal dissolved in 20 mL anhydrous toluene was added slowly.  
The solution was warmed to -55oC, stirred for 3 hours, then cooled back to -78oC and 
diluted with 60 mL anhydrous toluene.  4.5 mL of Red-Al (>65% weight solution in 
toluene) was added slowly and stirred for 15 min.  The solution was warmed to -55oC and 
stirred for a further 15 min.  The solution was warmed to 0oC, and after 5 min, the 
reaction was quenched by addition of 1.0 mL deionized water.  The reaction was stirred 
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for a further 30 min., then filtered to remove solids.  The reaction was diluted with 50 mL 
diethyl ether, and the organic layer washed with sodium bicarbonate and brine.  The 
organic layer was dried over Na2SO4, filtered, and the solvent removed under reduced 
pressure.  The crude material was purified by silica gel chromatography (1:1 
hexanes:ethyl acetate).  After removal of the solvent, 2.31 g (42% yield) of a clear 
colorless oil was isolated.  1H NMR matched that reported in the literature149. 
 
Perfluorophenyl 2-((tert-butoxycarbonyl)amino)acetate. 
Boc-protected glycine (2.00 g, 11.4 mmol) and pentafluorophenol (2.31 g, 12.6 
mmol) were dissolved in 30 mL dichloromethane.  N,N’-Dicyclohexylcarbodiimide (2.59 
g, 12.6 mmol) in 20 mL dichloromethane was added to the amino acid solution slowly.  
The reaction was stirred at room temperature under N2 for three hours, then filtered 
through Celite to remove the resulting dicyclohexylurea side-product.  The product was 
precipitated from hexanes as a white, fluffy solid (2.83 g, 73% yield).  1H NMR (400 
MHz, CDCl3): δ 5.05 (s, 1H, NH), 4.30 (s, 2H, NH-CH2-C=O), 1.47 (s, 9H, tert-butyl). 
 
20mer Polymerization Procedure 
Lactam monomer (1.5 g, 3.26 mmol) and glycine initiator (56 mg, 0.163 mmol) 
were dissolved in 15 mL freshly distilled dried tetrahydrofuran.  The reaction was cooled 
to 0oC under N2.  0.6 M lithium hexamethyldisilazide (0.7 mL, 0.408 mmol) in 
tetrahydrofuran was added and the reaction was stirred for one hour.  After check for 
completion by disappearance of starting material by thin layer chromatography, the 
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reaction was quenched with one drop of saturated ammonium chloride solution.  The 
THF was removed under reduced pressure, and the resulting solid was redissolved in 
dichloromethane.  The organic layer was washed with 1M HCl, NaHCO3, and brine, then 
dried over Na2SO4, filtered, and concentrated.  The solid was redissolved in a minimum 
amount of dichloromethane and precipitated into stirred cold pentane, to isolate a white 
solid (930 mg, 60% yield).  1H NMR (400 MHz, CDCl3): δ 7.86 (br, 1H), 7.2-6.9 (br, 
15H), 5.76 (br, 1H), 4.70-4.25 (br, 5H), 4.04 (br, 2H), 3.75-3.4 (br, 4H), 2.80 (br, 1H), 
1.37 (s, Boc-group). 
 
20mer Debenzylation Procedure 
Polymer (930 mg, 2.02 mmol per repeat unit) was dissolved in 8 mL freshly 
distilled dried tetrahydrofuran.  0.6 M lithium hexamethyldisilazide (4.4 mL, 2.63 mmol) 
was added.  100 mL of anhydrous ammonia was condensed in a three-neck flask at -78oC 
under N2.  Freshly cut sodium metal washed in toluene/hexanes was added to the 
ammonia until persistence of a dark blue color.  The polymer solution was added to the 
ammonia, and the reaction was stirred at -78oC under N2 for one hour.  The reaction was 
quenched with saturated ammonium chloride, then warmed to room temperature to 
evaporate the ammonia.  The reaction mixture was washed with diethyl ether, and the 
aqueous layer was dialyzed for 24 hours against 500MW cutoff dialysis tubing, then 
lyophilized to collect a fluffy, white powder (310 mg, 81% yield).  1H NMR (400 MHz, 
D2O): δ 5.705 (d, J=4.0 Hz, 1H, H1), 4.07 (pseudo t, J=10.0 Hz, 1H, H3), 3.69 (br s, 2H, 
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H6), 3.40 (m, 2H, H4 and H5), 2.99 (dd, J=11.0, 4.0 Hz, 1H, H2), 1.39 (s, 0.5H, Boc-
group); IR (ATR): 3349.62, 1672.03, 1503.95 cm-1. 
 
20mer Full Oxidation 
Deprotected polymer (150 mg, 0.793 mmol), (2,2,6,6-tetramethyl-piperidin-1-
yl)oxyl (TEMPO, 1.25 mg, 0.008 mmol), sodium bromide (16.5 mg, 0.16 mmol), and 
sodium hypochlorite (14% solution, 1 mL, 1.9 mmol) were dissolved in 8 mL deionized 
water.  The reaction was stirred at room temperature while pH was maintained at 10.5 by 
addition of 0.5M NaOH by pH-stat.  The reaction was complete when pH remained 
stable, between 5 minutes to 1 hour.  The reaction was quenched with ethanol, then 
dialyzed for 24 hours against 500MW cutoff dialysis tubing, then lyophilized to collect a 
fluffy, white powder (150 mg, 83% yield).  1H NMR (400 MHz, D2O): δ 5.80 (t, J = 26 
Hz, 1H, H1), 4.14 (pseudo t,  J =14 Hz, 1H, H3), 3.75 (d, J=8 Hz, 1H, H5), 3.46 (pseudo 
t, J = 12 Hz, 1H, H4), 3.025 (dd, J = 8, 4 Hz, 1H, H2), 1.40 (s, 0.8H, Boc-group).  13C 
NMR (126 MHz, D2O): δ 176.20, 169.78, 74.26, 73.07, 72.24, 68.13, 51.22, 27.65.  IR 
(ATR): 3340.69, 1675.43, 1607.05, 1524.38, 1414.36 cm-1. 
 
20mer Half Oxidation 
Deprotected polymer (160 mg, 0.846 mmol), (2,2,6,6-tetramethyl-piperidin-1-
yl)oxy (TEMPO, 1.25 mg, 0.008 mmol), sodium bromide (17.5 mg, 0.17 mmol), and 
sodium hypochlorite (14% solution, 0.45 mL, 0.846 mmol) were dissolved in 8 mL 
deionized water.  The reaction was stirred at room temperature while the pH was 
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maintained at 10.5 by addition of 0.5M NaOH by pH-stat.  The reaction was complete 
when the pH remains stable without further addition of NaOH, usually within five 
minutes.  The reaction was quenched with ethanol, then dialyzed for 24 hours against 
500MW cutoff dialysis tubing.  A fluffy, white powder (110 mg, 70% yield) was 
collected by lyophilization.  1H NMR (400 MHz, D2O): δ 5.77 (br d, J = 16 Hz, 1H, H1), 
4.13 (br, 1H, H3), 3.73 (br, 1.8H, ox-H5, H6), 3.46 (br, 1.6H, ox-H4, H4, H5), 3.05 (br, 1H, 
H2), 1.43 (s, Boc-group).  IR (ATR): 3340.74, 1674.04, 1599.89, 1524.75, 1410.25 cm-1. 
 
20mer Periodate Oxidation 
Deprotected polymer (50 mg, 0.26 mmol) and sodium periodate (65 mg, 0.32 
mmol) were dissolved in 10 mL deionized water.  The reaction was stirred at room 
temperature in the dark overnight.  The reaction was quenched with ethylene glycol and 
stirred for a further 1 hour.  The product was dialyzed against 500MW cutoff dialysis 
tubing, then lyophilized to collect a white solid (40 mg, 80% yield).  1H NMR (500 MHz, 
d6-DMSO): δ 13.50 (br, enol H), 9.42 (br, aldehyde), 8.24 (br, aldehyde), 6.71 (br, 
amide), 5.86 (br), 5.36 (br), 4.55-3.95 (br m), 3.65-3.45 (br m). 
 
3.7.3 Protein Stabilization 
Lysozyme Assay 
Aliquots of lysozyme alone or with 100-fold trehalose, PAS 50mer, or oxPAS 
50mer were frozen before solvent removed by lyophilization.  The samples were 
redissolved, and the process was repeated for a total of ten lyophilization cycles.  The 
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EnzChek® lysozyme assay kit was used to measure lysozyme activity of the stressed 
samples relative to unstressed lysozyme.  Diluted samples were incubated with 
Micrococcus luteus labeled with FITC (1 mg/mL) at 37oC for 1 hour.  Fluorescence of 
lysed cell membrane (lysozyme activity) was measured as FITC fluorescence (abs 480 
nm/em 530 nm) and quantified relative to known standards.  The results are provided for 
5 repeats.  Statistics to determine significance were calculated using the Students t test. 
 
Insulin Assay 
 Samples of insulin (1 mg/mL) alone or with 50mer oxPAS (1 mg/mL) in 7 mM 
phosphate-buffered saline were subjected to temperature ramps on the CD from 250-320 
nm.  Beginning at 20oC, the temperature was increased at 1oC/min to 90oC.  At every 
5oC, three scans were taken and the results average.  This entire procedure was repeated 
on three separate samples.  The difference in the ellipticity between the baseline and 276 
nm was taken and normalized to 20oC and averaged for the three samples.  Statistics to 
determine significance were calculated using the Students t test. 
 
Polyacrylamide Gel Electrophoresis 
A 10% polyacrylamide gel was loaded with a Thermo Scientific PageRuler Low 
Range Unstained Protein Ladder and hen egg-white lysozyme at 1 mg/mL concentration 
with or without PAS, oxPAS, or trehalose at 100x concentration.  The gel was run at 
100V for 1 hour under native conditions.  The gel was stained with Coomassie blue and 
imaged. 
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CHAPTER 4: Glycopolymerization of Poly-amido-saccharides 
 
4.1  Introduction 
4.1.1 Sugar-Containing Comb Polymers 
Proteoglycans are a class of biomacromolecules composed of a core protein to 
which one or more glycosaminoglycan chains are covalently attached150. They are widely 
found in most tissues and organs, and are involved in a broad range of functions, 
including control of enzymatic activity, tissue repair, and growth and development151.  
Due to their importance and unique macromolecular structure, proteoglycans have served 
as inspiration for numerous synthetic chemical structures, particularly brush-like comb 
polymers152-153.  
Brush-like comb polymers are comprised of a core polymer backbone with 
densely packed polymer side-chains154.  They are synthesized by three main techniques; 
grafting through (polymerization of polymeric monomers), grafting onto (attachment of 
side-chain to backbone), and grafting from (growing the polymer side-chain from the 
backbone).  In these polymers, steric repulsion between the densely grafted side chains 
stiffens the backbone, decreases entanglement with neighboring polymers, and increases 
order. 
Among the many reported brush-like comb polymers, those containing side-chain 
glycopolymers or polysaccharides best mimic the natural proteoglycans.  Recent 
examples have included glycopolymer probes of signal transduction155 and sulfated brush 
glycopolymers that inhibit axon regeneration after injury156.   
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4.1.2 Motivation 
 Due to its structural similarity to the glycosaminoglycans involved in disc 
performance and osmotic stabilization, we hypothesized that oxPAS would behave in a 
similar way.  As a first test, we performed a pilot study of injection of a concentrated 
sample 50mer oxPAS into the nucleus pulposus of a human cadaver interverbal disc, 
similar to other experiments involving aggrecan158.  The spine showed increased stiffness 
following injection of oxPAS, but this effect quickly diminished as the polymer left the 
space (Figure 4.1).   
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We hypothesize that a significantly larger PAS polymer would be able to increase 
stiffness while being retained for a longer time period in the nucleus pulposus.  To this 
end, and to more closely mimic the structure of proteoglycans, we sought to create brush-
like comb glycopolymers containing PAS side-chains.  
 
 
 
 
Figure 4.1: Average displacement of spine during compression before treatment with 
oxPAS, and 1, 2, and 3 hours post treatment. 
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4.2  Early Synthetic Attempts 
4.2.1  Original Linker 
 As a first attempt at synthesizing PAS comb glycopolymers, we invisioned 
coupling an acrylate group to the glycine initiator following anionic polymerization and 
deprotection (Scheme 4.1).  The amine was revealed by phosphoric acid catalyzed Boc 
deprotection of both 20mer PAS and oxPAS.  The amine was then coupled with acryloyl 
chloride in a mildly basic aqueous solution with more than 90% efficiency.  This 
macromonomer was subjected to several different radical polymerization conditions, 
which failed to produce any large polymers reproducibly (Table 4.1).  
 
Scheme 4.1: Synthesis of short-linker macromonomer. 
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4.2.2  Long Linker 
 We hypothesized that one possible reason for the failure of the acrylate PAS and 
oxPAS to polymerize was due to steric hinderance along the growing polymer backbone.  
As a result, a new initiator was synthesized with a five-carbon linker between the PFP 
group and the Boc-protected amine in a similar manner to the synthesis of the glycine 
initiator.  This new molecule could successfully initiate the anionic ring-opening 
polymerization of the lactam ring to produce PASs.  The acrylate macromonomer was 
then synthesized in the same way as with the shorter linker (Scheme 4.2).  A 
macromonomer was also created from the 20mer BnPAS.  The different macromonomers 
were subjected to various radical polymerization conditions, which again yielded poor 
results (Table 4.2). 
Table 4.1: Radical polymerization of short-linker macromonomer. 
Macromonomer Initiator Solvent/Temperature Result 
DP20oxPAS K2S2O6/TEMED H2O/rt No rxn 
DP20oxPAS AIBN DMF/60oC No rxn 
DP20PAS K2S2O6/TEMED H2O/rt Mw=8k, Đ=4.2 
DP20oxPAS/acrylamide AIBN H2O/MeOH/60oC No 
incorporation 
of 
macromonomer 
DP20oxPAS K2S2O6/TEMED H2O/40oC Mw=6.5k, 
Đ=3.6 
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The irreproducible results, short oligomers, and high dispersities were likely due 
to the lack of purity of the various macromonomers.  The coupling of the amine to the 
acryloyl chloride occurred with greater than 90% efficiency, but separation was 
impossible, leading to amine impurities in the radical polymerization reaction. 
 
4.3  Successful Glycopolymerization 
4.3.1 Macromonomer Synthesis 
 To circumvent the problems with purification, a new anionic initiator was 
designed, in which the acrylate group was already installed.  Acryloyl chloride and 6-
Scheme 4.2: Synthesis of long-linker macromonomer. 
 
Table 4.2: Radical polymerization of long-linker macromonomer. 
Macromonomer Initiator Solvent/Temperature Result 
DP20oxPAS K2S2O6/TEMED H2O/rt Mw=6.7k, 
Đ=3.4 
DP20oxPAS AIBN H2O/MeOH/60oC Mw=9.5k, 
Đ=2.8 
DP20PAS K2S2O6/TEMED H2O/rt No rxn 
DP20BnPAS AIBN DMF/60oC No rxn 
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aminohexanoic acid were coupled at slightly basic pH to install the acrylate group with 
48% yield.  The unreacted amine was easily removed through washing and adjustment of 
the pH of the solution.  The carboxylic acid was activated with PFP in a manner similar 
to that of the previously described initiators (Scheme 4.3).  The new acrylate-capped 
initiator successfully worked in the polymerization of the lactam monomer to produce a 
10mer BnPAS with a dispersity around 1.1. 
 
 
4.3.2 Radical Polymerization 
 The new macromonomer was successfully polymerized repeatably using AIBN as 
the initiator in degassed DMF at 70oC overnight (Scheme 4.4).  The resulting comb 
glycopolymers had a degree of polymerization around 10, and dispersities around 1.2, 
which was independent of monomer or initiator concentration over the tested range.  The 
radical polymerization suffered from low conversions, around 40%.  The mixture of 
glycopolymer and unreacted macromonomer were deprotected under Birch reduction 
conditions, then separated by dialysis against 20,000MW cutoff dialysis tubing for 48 
hours.  Following lyophilization, the deprotected comb glycopolymer was isolated as a 
glassy, white solid. 
Scheme 4.3: Synthesis of acrylate-capped initiator. 
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4.4  Characterization 
 The molecular weights of the comb glycopolymers were determined by GPC 
(Table 4.3).  For the protected polymers, molecular weights were compared against 
polystyrene standards using THF as the eluent, while deprotected polymers were 
compared against polydextran standards with aqueous buffer as the eluent.  Conversion 
was determined as the yield of isolated deprotected comb glycopolymer. 
Scheme 4.4: Synthesis of comb glycopolymers. 
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By 1H NMR, the polymerization was observed by the disappearance of the vinylic 
signals at 6.3, 6.0, and 5.6 ppm, and the appearance of new signals at 2.3 and 1.2 ppm, 
representing the backbone of the acrylamide polymer.  
  The thermal properties of the new comb glycopolymers were subsequently 
measured.  By TGA, a decomposition temperature was observed around 240oC, as seen in 
the parent PAS.  However, unlike with the PAS, the comb glycopolymers displayed a 
glass transition around 140oC as a result of the polyacrylamide backbone. 
 Finally, the PAS side-chains retained their helical structure in solution as seen by 
CD (Figure 4.2).  When measured at a concentration similar to that of the parent PAS, a 
minimum is observed at 221 nm and a maximum at 189 nm, indicative of a helical 
conformation. 
Table 4.3: GPC results of comb glycopolymers. 
Macromonomer 
Concentration 
Eq. 
AIBN 
Prot. 
Mw 
Prot. Đ Deprot. 
Mw 
Deprot. 
Đ 
% 
Conversion 
100 mg/mL 0.001 47672 
g/mol 
1.07 16178 
g/mol 
1.22 43% 
100 mg/mL 0.0001 52811 
g/mol 
1.38 17923 
g/mol 
1.24 38% 
200 mg/mL 0.001 50788 
g/mol  
1.21 16648 
g/mol 
1.19 34% 
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4.5  Conclusions 
 To summarize, comb-like glycopolymers from a PAS macromonomer were 
synthesized by a grafting through approach.  They were fully characterized by GPC, 
NMR, TGA, DSC, and CD.  The increased molecular weight and different molecular 
architecture may improve the function of the macromolecules as an osmotic stabilizer, 
though further study is needed. 
 
 
 
 
Figure 4.2: CD spectrum of comb glycopolymer in 7 mM PBS. 
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4.6  Materials and Methods 
4.6.1  Materials 
All solvents were dried and freshly distilled prior to use or were purchased dry 
from Sigma-Aldrich.  All reagents were obtained from Sigma-Aldrich, Acros, or Carbo-
Synth and used without further purification unless stated otherwise. 
 
4.6.2  General Instrumentation 
1H NMR spectra were recorded on a Varian INOVA 500MHz spectrometer.  
Broad or overlapping peaks, often noted in the spectra of polymers, are denoted “br”.  
Infrared spectroscopy was performed on a Nicolet FT-IR with ATR on powder samples.  
Gel permeation chromatography (GPC) in THF of aqueous buffer (0.1M NaNO3, 0.01M 
Na2HPO4, 0.02% NaN3, pH 7.6) was performed using a Waters HR-5 organic column 
with a flow rate of 1 mL/min or a PL aquagel-OH 60 column with a flow rate of 0.5 
mL/min.  The system was calibrated against polystyrene or dextran standards.  
Differential scanning calorimetry (DSC) experiments were performed on a TA 
instruments DSC Q100.  Thermogravimetric analysis (TGA) was performed on a TA 
instruments TGA Q50.  Circular dichroism (CD) experiments were performed on an 
Applied Photophysics CS/2 Chirascan spectrometer with a standard Mercury lamp in 
7mM phosphate buffer. 
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4.6.3  Synthesis 
6-acrylamidohexanoic acid 
 The procedure was adapted with few modifications from the literature (Ayala 
2011).  6-aminohexanoic acid (5.00 g, 38.1 mmol) and sodium hydroxide (1.68 g, 41.9 
mmol) were dissolved in deionized water (15 mL) and cooled to 0oC.  Acryloyl chloride 
(3.2 mL, 41.9 mmol) dissolved in tetrahydrofuran (5 mL) was added dropwise.  The pH 
was adjusted to 7.5 and stirred overnight while warming to room temperature.  The 
solution was extracted with ethyl acetate.  The aqueous layer was acidified to pH 4 and 
extracted again with ethyl acetate.  The combined organic layers were dried over Na2SO4, 
filtered, and concentrated under reduced pressure to reveal 3.40 g of a white solid (48.2% 
yield).  1H NMR matched that reported in the literature157. 
 
Perfluorophenyl 6-acrylamidohexanoate 
6-acrylamidohexanoic acid (450 mg, 2.43 mmol) was dissolved in a 1:1 mixture 
of dichloromethane and ethyl acetate (30 mL).  Pentafluorophenol (492 mg, 2.67 mmol) 
was added.  N,N’-Dicyclohexylcarbodiimide (551 mg, 2.67 mmol) in dichloromethane 
(10 mL) was added slowly.  The reaction was stirred at room temperature for 3 hours, 
during which time a white precipitate formed.  The mixture was filtered through Celite to 
remove the precipitate, then poured over hexanes and placed in the freezer overnight to 
induce precipitation.  509 mg of  a white solid was collected by filtration (59.6% yield).  
1H NMR (500 MHz, CDCl3): δ 6.28 (dd, 1H, vinyl), 6.08 (dd, 1H, vinyl), 5.64 (dd, 1H, 
vinyl), 3.37 (t, 2H), 2.68 (t, 2H), 1.82 (m, 2H), 1.63 (m, 2H), 1.49 (m, 2H). 
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PAS polymerization with perfluorophenyl 6-acrylamidohexanoate 
 Monomer (2.00 g, 4.35 mmol) and perfluorophenyl 6-acrylamidohexanoate (153 
mg, 0.435 mmol) were dissolved in freshly distilled and dried tetrahydrofuran (12 mL) at 
0oC under N2.  LiHMDS (1.56 mL, 0.7 M in THF) was added and the reaction was stirred 
for one hour.  After checking for completion by TLC, the reaction was quenched by the 
addition of NH4Cl (aq).  The solvent was removed under reduced pressure and the 
resulting oil was redissolved in dichloromethane.  The organic layer was washed with 1M 
HCl, NaHCO3, and brine, then dried over Na2SO4, filtered, and concentrated under 
reduced pressure.  The resulting solid was redissolved in a minimum amount of 
dichloromethane, precipitated into stirred cold pentane, and the resulting 1.68 g of white 
solid were collected by filtration (84% yield).  Mn = 4926, DP = 10, Đ = 1.06.  1H NMR 
(500 MHz, CDCl3): δ 7.85 (br, 1H, amide), 7.17 (br, 15H, Bn), 6.28 (br, 0.1H, vinyl), 
5.97 (br, 0.1H, vinyl), 5.82 (br, 1H, H1) , 5.57 (br, 0.1H, vinyl), 4.51 (br, 2H), 4.07 (br, 
2H), 3.67 (br, 1H), 3.20 (br, 0.2H, linker), 2.83 (br, 1H, H2), 2.27 (br, 0.2H, linker), 1.64 
(br, 0.2H, linker), 1.51 (br, 0.2H, linker), 1.32 (br, 0.2H, linker). 
 
Radical polymerization of acrylamido end group 
Acrylate BnPAS macromonomer (500 mg, 0.11 mmol with respect to acrylate) 
and freshly recrystallized AIBN (0.02 mg, 0.00011 mmol) were dissolved in anhydrous 
dimethylformamide (10 mL) and subjected to three freeze-pump-thaw cycles.  The 
reaction was stirred under N2 at 70oC overnight, then cooled to room temperature.  The 
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solvent was removed under reduced pressure, and the resulting oil was redissolved in 
chloroform, which was precipitated into hexanes to recover 312 mg of a white solid 
(62.4% yield).  Mn = 47672 (Đ = 1.07), 5182 (Đ = 1.32).  1H NMR (500 MHz, CDCl3): δ 
7.84 (br, 1H, amide), 6.27 (vinyl), 5.97 (vinyl), 5.72 (br, 1H, H1), 4.50 (br, 2H), 4.06 (br, 
2H), 3.65 (br, 1H), 3.17 (linker), 2.84 (br, 1H, H2), 2.21 (linker), 1.68 (linker), 1.57 
(linker), 1.30 (linker), 1.19 (backbone). 
 
Benzyl deprotection 
 Glyco-comb polymer (289 mg, 0.63 mmol with respect to glucose monomers) 
dissolved in freshly distilled tetrahydrofuran (2 mL) and LiHMDS (0.94 mL, 0.8 M in 
THF).  Anhydrous ammonia (75 mL) condensed at -78oC under N2.  Sodium metal 
washed in 1:1 hexanes:toluene added until dark blue color persists.  Polymer solution 
added and reaction stirred at -78oC for one hour.  Reaction quenched by addition of 
saturated ammonium chloride solution, then warmed to room temperature to evaporate 
ammonia.  Water layer washed with diethyl ether, then dialyzed against 20,000MW 
cutoff dialysis tubing for 24 hours.  50 mg of a fluffy white solid isolated by 
lyophilization (43% conversion).  Mn = 10665 (DP = 10), Đ = 1.22.  1H NMR (500 MHz, 
D2O): δ 5.74 (1H, H1), 4.10 (1H, H3), 3.73 (2H, H6), 3.43 (2H, H4,5), 3.13 (linker), 3.03 
(1H, H2), 2.70 (linker), 2.26 (backbone), 2.21 (linker), 1.56 (linker), 1.49 (linker), 1.27 
(linker), 1.07 (backbone). 
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4.6.4 Spine Injection and Compression 
 A square wave with an amplitude of 15 pounds, frequency of 1 Hz, was applied 
for 20 cycles using the Instron Machine to a human cadaver C-spine (C1-C8).  Three 
consecutive runs were recorded as a base line.  DP50oxPAS (0.6 mL, 71.5 mg/mL, pH 
10.3) was injected in C4-C5 and C5-C6 interverbral disc using a 25 gauge needle via an 
anterior approach.  The specimen was wrapped with 4 normal saline soaked sponges.  
Three consecutive runs were recorded each at 1, 2, and 3 hours post-injection.  The root 
mean square of the sinusoidal wave was taken and averaged for each time point. 
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CHAPTER 5: Summary and Future Directions 
 
5.1  Summary of Thesis Work 
Polysaccharides play varied and vital roles in biological systems.  While 
polysaccharides isolated from natural sources have been used in numerous biomedical 
applications, they suffer from several problems including contamination and batch-to-
batch variation.  The synthesis of polysaccharides and polysaccharide mimics allows for 
control of the polymer structure at the monomer level and access to structures not found 
in nature.  Synthesis of these materials remains challenging, though several approaches 
have been developed, including ring-opening polymerization of anhydro sugar 
derivatives, polycondensation, and cyclopolymerization. 
 As a first approach to the synthesis of polysaccharide mimics, high molecular 
weight norbornene polymers were created and modified following polymerization.  
Briefly, 5-norbornene-2-ethyl ester was polymerized over a wide molecular weight range 
using the Grubbs second generation catalyst.  The side-chain was saponified and the 
backbone was hydroxylated to create polymers with a high density of water-soluble 
functional groups.  The thermal and mechanical properties of the various polymers were 
measured, and their cytoxicity was assessed against a standard fibroblast cell line.  
Despite the large number of the water-soluble functional groups, the modified norbornane 
polymers were not water soluble. 
 The next step was the synthesis of enantiopure carboxylated poly-amido-
saccharides (PASs) from the anionic ring-opening polymerization of a β-lactam glucose-
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based monomer and subsequent oxidation of the primary alcohol.  PASs and oxPASs 
were shown to possess an ordered secondary structure in solution, which was disrupted 
only by the opening of the pyranose ring.  The PAS and oxPAS polymers were shown to 
stabilize lysozyme towards lyophilization better than a currently used method. 
 Brush-like comb polymers containing PAS side-chains were next synthesized via 
a grafting through approach to create polymers with increased molecular weight and 
backbone stiffness as a mimic for proteoglycans.  A new initiator was synthesized which 
contained an acrylate group linked by an amide bond to a pentafluorophenol activated 
carboxylic acid.  This new initiator was successfully used in the polymerization of PASs, 
and was used in a second radical polymerization to form brush-like comb polymers.  The 
glycopolymers were analyzed, and their secondary structure and thermal properties were 
found to be similar to that of PAS. 
 To summarize, three different polysaccharide mimics were synthesized by three 
different polymerization mechanisms.  Polynorbornene derivatives synthesized via ring-
opening metathesis polymerization were created with very high molecular weights, 
though they were not water soluble.  Oxidized poly-amido-saccharides synthesized via 
anionic ring-opening polymerization possessed ordered secondary structures in solution 
and were capable to stabilizing proteins, but the molecular weight range of the polymers 
was limited.  Finally, brush-like comb polymers containing PAS side-chains synthesized 
via radical polymerization possessed many of the properties of the parent poly-amido-
saccharides while having the potential for increased molecular weight.   
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5.2  Future Recommendations 
5.2.1  Ring-Opening/Trapping 
A helical secondary structure is predicted for the poly-amido-saccharides due to 
the torsional angle required between C2 and C3 of the β-polypeptide backbone138 (Figure 
5.1).  Upon opening of the pyranose ring by sodium periodate (see section 3.4.2), the 
secondary structure should switch to a sheet-like conformation.  This is not observed due 
to racemization at C2 due to a keto-enol tautomerization, leading to a loss of ordered 
secondary structure as seen by CD (Figure 3.4). 
 
One possible method to trap the aldehyde to prevent loss of stereochemistry is 
formation of the Schiff base by reaction with an appropriate primary amine (Scheme 5.1).  
Formation of the Schiff base is rapid160, and could compete with the rate of keto-enol 
tautomerization161.  The resulting polymer should show a changed circular dichroism 
spectra, indicative of a sheet-like structure. 
 
Figure 5.1: Newman projection of the torsional angle between C2 and C3 of PAS. 
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5.2.2  Future Targets for Protein Stabilization 
 Oxidized poly-amido-saccharides proved to be excellent at stabilizing lysozyme, 
but failed to stabilize insulin in similar experiments (see section 3.5).  We hypothesized 
that this is due to the very different isoelectric points of lysozyme and insulin (11.35 and 
5.3, respectively), which was tested by running a polyacrylamide gel to see the 
electrostatic interaction between lysozyme and the various stabilizing agents (Figure 
3.11).  It was observed that the oxidized poly-amido-saccharides electrostatically interact 
with lysozyme, while unmodified PAS and trehalose do not. 
 These results suggest several new protein targets for stabilization by oxidized 
poly-amido-saccharides162 (Table 5.1).  Possible targets include enzymes such as arginase 
and aldolase, a heme protein (cytochrome c), and pharmaceutical products (Epogen and 
Remicade). 
Scheme 5.1: Ring-opening and trapping as Schiff base. 
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5.2.3  Spine Injections 
 With the brush-like comb polymers containing poly-amido-saccharide side-chains 
in hand, further studies into disc performance and osmotic stabilization can be conducted.  
Concentrated samples of the PAS comb polymers and oxPAS comb polymers can be 
injected into the nucleus pulposus of a human cadaver interverbral disc, and compared to 
similar injections of saline as a negative control and aggrecan as a positive control.  The 
comb polymers will likely be retained in the disc space better than the linear polymers 
and saline, leading to a longer period of improved performance. 
 
5.2.4  Oxanorbornene Comb Glycopolymers 
 Finally, brush-like comb polymers of the poly-amido-saccharides linked by an 
oxanorbornene backbone could be synthesized.  The poly-amido-saccharide side-chains 
would be spaced further apart on an oxanorbornene backbone as compared to an acrylate 
Table 5.1: Isoelectric points of several proteins. 
Protein Isoelectric Point 
Arginase 9.4163 
Aldolase 10.1164 
Cytochrome c 9.2165 
Epogen (epoetin alpha) 8.75166 
Remicade (Infliximab) 8.25167 
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backbone, which may improve the degree of polymerization.  An initiator for the 
polymerization of the poly-amido-saccharides containing an oxanorbornene group and 
pentafluorophenol activated carboxylic acid has already been synthesized via a Diels-
Alder reaction (Scheme 5.2).  Following formation of the poly-amido-saccharide, ring-
opening metathesis polymerization using a Grubbs catalyst could be used to form the 
brush-like comb polymers. 
 
 
5.3  Outlook 
 Synthetic polysaccharides and polysaccharide mimics, particularly those 
containing carboxylic acid groups, represent promising new materials for biomedical 
applications.  Control of the structure at the monomer level as well as over the molecular 
weight and dispersity allows for the tailoring of the properties for the application at hand.  
New methods for the synthesis of these biomolecules will lead to new structures and 
further applications. 
  
Scheme 5.2: Synthesis of oxanorbornene capped initiator. 
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